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Abstract 
Planktic foraminifera are among the most valuable signal-carriers for paleoceano-
graphic reconstructions, because their shell chemistry and assemblage composition bear 
witness to changes in surface water hydrography. However, due to different ecological 
preferences of foraminiferal species there is often a distinct seasonality in planktic 
foraminiferal fluxes reflected in the sedimentary record, which is crucial for paleoceano-
graphic interpretations of foraminifera-based proxies. Therefore, this dissertation focuses 
on the temporal and spatial variability of planktic foraminiferal downward fluxes as well 
as on the underlying environmental sensitivity of foraminiferal species in order to eventu-
ally contribute to an improved proxy-calibration. 
In a first step, planktic foraminiferal fluxes were analyzed in detail from sediment traps 
deployed along a N-S transect across the equatorial upwelling region of the eastern Atlan-
tic Ocean. The foraminiferal assemblages clearly reflect the pattern of small-scale regional 
and seasonal oceanographic variability in surface waters, which is governed by the 
latitudinal migration of the Intertropical Convergence Zone and related variations in 
trade-wind intensity. At times of strongest equatorial upwelling and surface cooling in 
austral winter (Jul-Sep), foraminiferal fluxes concentrated north of the equator at the 
strong convergent front between the South Equatorial Current and the North Equatorial 
Countercurrent. Within the highly productive upwelling region, fluxes of planktic 
foraminifera were distinctly reduced at the same time because of significantly decreased 
fluxes of the tropical species Globigerinoides ruber and G. sacculifer, which have certain light 
requirements due to the symbionts they host. These species dominated the foraminiferal 
assemblage during the typical tropical situation of the austral fall, which is characterized 
by a warm nutrient-depleted surface layer and a strong thermocline. Globigerina bulloides 
and Neogloboquadrina dutertrei were most abundant under conditions of elevated primary 
production, for example associated with a deep chlorophyll maximum that develops at a 
thermal ridge south of the equator in austral summer. Short-term flux variability in many 
foraminiferal species is probably the result of synchronized reproduction triggered by the 
lunar cycle, and can be traced into the deep ocean because of relatively high settling 
velocities of foraminiferal shells. 
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Based on studies of laboratory cultures and large-scale data sets derived from plankton 
tows and surface sediments, much is known about environmental sensitivities of planktic 
foraminiferal species today. However, a global sensitivity study using sediment-trap data 
has, to our knowledge, not been conducted before. Therefore, as a next step, a newly 
compiled data set of foraminiferal fluxes derived from globally distributed sediment traps 
was used to reassess preferences of selected species to key environmental parameters on a 
global scale by relating fluxes and relative abundances of these species to sea-surface 
temperature and export production (indicating food supply). The species included in this 
investigation are G. ruber (white and pink), G. sacculifer, Globigerinella siphonifera, 
G. bulloides and Neogloboquadrina pachyderma (dextral and sinistral coiling varieties). The 
study revealed that, with the exception of the morphospecies G. bulloides, sea-surface 
temperature markedly affects fluxes and abundances of all investigated species. Derived 
optimum ranges are in good agreement with earlier observations from other analytical 
means. However, temperature is a controlling factor only at the edges of the thermal 
tolerance ranges. The influence of export production on species fluxes and relative abun-
dances is not as pronounced, and more obvious within the relative abundances. The 
results confirm previously reported associations of symbiont-bearing species with 
oligotrophic and mesotrophic environments, whereas under conditions of enhanced food 
supply asymbiotic species can outnumber the symbiotic species. 
Finally, the compiled global data set of foraminiferal fluxes together with data on sea-
surface temperature, export production and mixed-layer depth is used to calibrate an 
empirical model that calculates monthly foraminiferal fluxes at species level. The model is 
then forced with a global data set of hydrographic and productivity data to globally 
predict monthly foraminiferal fluxes. In order to assess the predictive skills of the model, 
planktic foraminiferal assemblages from coretops and further sediment-trap data are 
compared to the model output. The study shows that the empirical model is able to repro-
duce many general distribution patterns of foraminiferal assemblages observed in the 
world´s oceans like diversity patterns or relative abundance distributions of some species. 
However, absolute foraminiferal fluxes are underestimated in most cases, while seasonal 
variations can be reproduced for some species. Interannual flux variations are not reflected 
by the model, possibly because of a lack of actual environmental data for the calibration 
and model experiments. The limited predictive skills of the model suggest that additional 
parameters should be considered, e. g. depth-dependent primary production reflecting the 
true food availability for planktic foraminifera.  
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The results of this dissertation, being based on an extensive newly compiled global data 
set of foraminiferal fluxes from sediment traps, largely confirm our knowledge on planktic 
foraminiferal ecology. Temperature seems to be the primary control of foraminiferal fluxes 
on a global scale. However, within optimum thermal ranges, other factors like food 
supply, light intensity, the thermal structure of the water column or circulation patterns 
influence downward fluxes of planktic foraminifera. The first attempt to quantify species 
fluxes on a global scale using an empirical model yields promising results. Nevertheless, 
the model has to be significantly improved before the seasonality of foraminiferal species 
can reliably be predicted thus allowing for an improvement of proxy calibration. 
 
1 Introduction 
 5
Chapter 1 
Introduction 
1.1 Motivation 
A reliable prediction of future climate change including an assessment of the anthropo-
genic impact requires a thorough comprehension of natural climate variability in the past 
(Alverson and Oldfield, 2000). The world´s oceans are an essential part of earth´s climate 
system, because they play a crucial role for both the redistribution of heat on our planet as 
well as the global carbon cycle that links atmospheric concentrations of major greenhouse 
gases to the ocean (Broecker, 2005, and references therein). Based on the actualistic prin-
ciple, paleoceanographers apply a wealth of different biogeochemical proxy variables 
measured from the seafloor sedimentary record to unravel changes of the ancient ocean 
environment (summarized in Wefer et al., 1999). In recent decades, a lot of effort has been 
put not only into the development of new proxies (e. g. Henderson, 2002) but also into the 
constant refinement of existing ones, because the quality of proxy-based reconstructions 
highly depends on the accuracy of proxy calibration. This can be improved by expanding 
modern reference data sets (usually derived from surface sediments) and by closely 
examining the modern relationship between proxy and target parameter as well as the 
possible bias that is imposed on this relation by other environmental parameters. 
Planktic foraminifera are among the most important microfossils used in paleoceano-
graphy (Wefer et al., 1999). Though constituting only a minor portion of total zooplankton, 
they are still major carbonate producers, and as such are a central component of the ocean 
carbon cycle (Barker and Elderfield, 2002). Their calcareous shells have a high fossilization 
potential and are widely distributed throughout the world´s oceans. The shell chemistry 
and the assemblage composition of planktic foraminifera have been shown to reliably 
trace changes of environmental conditions in surface waters (Lea, 1999; Rohling and 
Cooke, 1999; Wefer et al., 1999). However, due to specific ecological preferences of indivi-
dual foraminiferal species, there is often a distinct seasonality in foraminiferal downward 
fluxes reflected in the sedimentary record (Fig. 1.1), which is key to interpret foraminifera-
based proxies in paleoceanography (e. g. Wefer, 1989; Mulitza et al., 1998; Waelbroeck 
et al., 2005). For example, discrepancies between foraminifera- and alkenone-derived sea-
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Fig. 1.1: Model of Mix (1987) showing how the tempe-
rature preference (sensitivity) of a species (F(T)) and 
the variability of available temperatures (W(T)) deter-
mine the mean temperature recorded in the sediment 
(Tr), e. g. by oxygen-isotope ratios of the species. The 
lower panel shows the resulting species flux (SF(T)) as 
a function of temperature. Tr is the flux-weighted 
mean of all temperatures at the site. Hence, Tr deviates 
from the actual mean temperature (Tm) towards the 
optimum temperature (Topt) of the species. 
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surface temperatures might be ascribed 
to different seasonal preferences of the 
signal-carriers (Niebler et al., 2003; 
Pflaumann et al., 2003). Hence, in order 
to improve such reconstructions, it is 
necessary to know the seasonal imprint 
prior to proxy application. 
Bearing this in mind, this study fo-
cuses on the temporal and spatial varia-
bility of planktic foraminiferal fluxes to 
the seafloor, and the underlying envi-
ronmental sensitivity of foraminiferal 
species. 
1.2 Introduction to modern planktic 
foraminifera 
Planktic foraminifera are unicellular 
free-floating marine micro-organisms 
belonging to the Rhizopoda (Protozoa). 
They are abundant mainly in the photic 
zone of the upper water column and 
build a calcite shell (~ 0.1-1 mm in dia-
meter) that usually consists of multiple chambers arranged around a coiling axis (e. g. 
Hemleben et al., 1989). Thereby, shell growth is achieved by subsequently adding new 
larger chambers to the previous ones. The geologic record of planktic foraminifera dates 
back to the mid-Jurassic (Kemle-von Mücke and Hemleben, 1999). Based on shell architec-
ture, about 50 extant morphospecies are recognized today (Schiebel and Hemleben, 2005), 
of which approximately 21 are common in the world´s oceans, while the others occur 
rather seldom (Hemleben et al., 1989). Since planktic foraminifera cannot control their 
horizontal movement, they are passively bound to the ambient water mass (Hemleben 
et al., 1989). 
The biogeographic distribution of planktic foraminiferal species has been related to five 
major faunal provinces: tropical, subtropical, transitional, subpolar and polar (e. g. Bé, 
1977), with species diversity generally decreasing towards higher latitudes (e. g. Ottens 
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and Nederbragt, 1992). Since the faunal provinces are basically following latitudinal belts, 
foraminiferal assemblages have long been assumed to be significantly influenced by sea-
surface temperature, which has later been confirmed by plankton tow and surface sedi-
ment investigations as well as culture experiments (e. g. Murray, 1897; Bé and Hutson, 
1977; Bijma et al., 1990b; Morey et al., 2005). However, temperature alone can certainly not 
explain the distinct distribution patterns of foraminifera observed in the upper water 
column and underlying sediments (e. g. Bé, 1977). 
According to Murray (1897), spinose and non-spinose species can be distinguished. 
Spinose foraminifera favour a carnivorous diet (e. g. copepods), whereas non-spinose 
species have been observed to prefer algal food (e. g. diatoms), because their rhizopodial 
network is unsuitable to hold living prey (Hemleben et al., 1989). These differential food 
preferences are in good agreement with observations that non-spinose species are more 
abundant in eutrophic waters with high phytoplankton productivity, e. g. during spring 
bloom or in upwelling regions. On the other hand, spinose species show highest abun-
dances in oligotrophic water masses (e. g. Hemleben et al., 1989). In addition, most spinose 
foraminiferal species host photosynthetic symbionts (dinoflagellates or chrysophytes), 
which might contribute to the nutrition of their host and possibly provide energy to drive 
the calcification process (e. g. Ortiz et al., 1995; Schiebel and Hemleben, 2005). As the algal 
symbionts have certain light requirements, symbiont-bearing species are restricted to the 
euphotic zone of the ocean, while foraminifera lacking symbionts may inhabit deeper 
waters and prevail under conditions of enhanced turbidity (e. g. Hemleben et al., 1989; 
Ortiz et al., 1995; Schiebel and Hemleben, 2005). Various plankton-tow investigations 
confirmed a clear depth stratification in planktic foraminiferal assemblages with species-
specific depth habitats that may shift ontogenetically or seasonally (e. g. Bé and 
Tolderlund, 1971; Field, 2004; Schiebel and Hemleben, 2005). For example, spinose 
symbiont-bearing Globigerinoides ruber and G. sacculifer spend most of their lifetime in 
warm, shallow waters of the mixed layer under stratified conditions, whereas non-spinose 
Neogloboquadrina dutertrei and N. pachyderma are thermocline species usually associated 
with a deep chlorophyll maximum (e. g. Fairbanks and Wiebe, 1980; Ravelo et al., 1990; 
Kohfeld et al., 1996).  Spinose but asymbiotic Globigerina bulloides, on the other hand, is 
regarded as typical of cool, well-mixed, nutrient-rich waters and is indicative of upwelling 
conditions (Fig. 1.2; e. g. Hemleben et al., 1989; Peeters et al., 2002). In this context it should 
be mentioned that planktic foraminiferal morphospecies can comprise several highly 
diverse genotypes ("cryptic species") with possibly distinct ecological preferences as 
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revealed by molecular phylogenetic analyses of recent years (summarized in Kucera and 
Darling, 2002). Hence, clear environmental associations of (morpho)species might be 
obscured by the contemporaneous presence of several ecologically different genotypes. 
As demonstrated above, planktic foraminiferal species favor specific environmental 
conditions which not only explains regional and vertical distribution patterns of foramini-
feral assemblages but also causes specific faunal successions in areas where ecological 
variables change on temporal (e. g. seasonal or glacial/interglacial) scales (e. g. Bé, 1977; 
Hemleben et al., 1989; Schiebel and Hemleben, 2005). Numerous time-series sediment-trap 
studies conducted in the world´s oceans over the last decades and also the use of plankton 
tows contributed to our knowledge on seasonal and interannual variability in planktic 
foraminiferal assemblages (e. g. Bé and Tolderlund, 1971; Sautter and Thunell, 1989; 
Conan and Brummer, 2000; Schiebel and Hemleben, 2000; Marchant et al., 2004). These 
investigations revealed that variations in downward fluxes and assemblage compositions 
are related to seasonal changes in the upper-ocean environment. Species are thus most 
abundant during times of their preferred specific ecological conditions. Consequently, the 
sedimentary record is the integration of a changing flux pattern and is biased towards 
shorter high-flux periods of the respective species instead of reflecting annual average 
conditions (Fig. 1.1; e. g. Wefer, 1989; King and Howard, 2001). 
Planktic foraminiferal life spans are typically in the order of 2-4 weeks, and there is 
growing evidence that reproductive periodicity in many foraminiferal species is closely 
coupled to the synodic lunar cycle (e. g. Spindler et al., 1979; Bijma et al., 1990a; Schiebel 
and Hemleben, 2005). For example, G. sacculifer and N. pachyderma (sinistral) have been 
observed to reproduce around full moon, while reproduction of G. ruber has a semi-lunar 
Fig. 1.2: Scanning Electron Microscope photographs of some cold-water (a+b) and warm-water 
(c+d) planktic foraminifera. a) Polar-subpolar, non-spinose species Neogloboquadrina pachyderma 
(sinistral), b) subpolar-transitional, spinose but asymbiotic species Globigerina bulloides (also an 
upwelling indicator),  c+d) tropical-subtropical, spinose and symbiont-bearing species Globigeri-
noides sacculifer (c) and G. ruber (d). Photographs by Barbara Donner (University of Bremen). 
1 Introduction 
 9
frequency. In contrast, deep-dwelling species like Globorotalia truncatulinoides seem to 
follow an annual cycle (e. g. Hemleben et al., 1989). Common to all is that reproduction 
takes place at species-specific water depths, possibly close to the pycnocline (Schiebel and 
Hemleben, 2005). Some species add a calcite crust or an atypical final chamber before 
reproducing (secondary or gametogenic calcification; e. g. Duplessy et al., 1981; Bijma 
et al., 1990a), spinose species like G. sacculifer shed or resorb their spines and digest their 
symbionts (e. g. Erez et al., 1991). Finally, after cell division the parent cells release 200,000 
to 400,000 gametes through the shell apertures, and the empty adult tests sink to the 
seafloor (e. g. Hemleben et al., 1989; Erez et al., 1991; Schiebel and Hemleben, 2005). The 
synchronization of gametogenesis in time and space increases the probability of success-
full fertilization (gamete fusion) in the open ocean and provides optimal feeding condi-
tions for the offspring to survive (e. g. Bijma et al., 1990a; Erez et al., 1991; Schiebel and 
Hemleben, 2005). 
Following the death of planktic foraminifera, the calcitic shells sink towards the 
seafloor either as individual tests, bound within fecal pellets or attached to organic aggre-
gates (Hemleben et al., 1989). The settling velocity of foraminiferal shells is strongly 
dependent on their size, weight and morphology and ranges from around 100 m d-1 up to 
1,500 m d-1 (Schiebel and Hemleben, 2005). Takahashi and Bé (1984) showed that the vast 
majority of the shells larger than 150 µm arrives at a mean ocean depth of 3800 m within 
3-12 days. Depending on the biogeochemistry of the ambient seawater, selective 
dissolution of the calcareous tests may occur at the seafloor and also within the water 
column (e. g. Berger, 1968; Le and Thunell, 1996). However, the adult size fraction 
> 150 µm seems to be less affected by dissolution during the settling process (e. g. 
Hemleben et al., 1989) The fossil foraminiferal assemblage may furthermore be altered 
either spatially by displacement through subsurface currents or temporally by 
bioturbation processes (e. g. Boltovskoy, 1994). 
1.3 Planktic foraminifera in paleoceanography 
The favorable preservation potential of planktic foraminiferal shells and their global 
distribution in conjunction with their high abundance and long geologic record make them 
ideal candidates for biostratigraphic and paleoceanographic analyses. 
As described in chapter 1.2, foraminiferal abundance patterns bear a close relation to 
environmental conditions. Since its recognition, this association has been the subject of 
numerous studies dealing with its applicability to the geological past (Wefer et al., 1999, 
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and references therein), thereby making the basic assumption that ecological preferences 
of foraminiferal species did not change over time (actualistic principle). 
The simplest approach is to track downcore changes in relative abundances of key 
species that not only allow conclusions on past temperature variations but can also 
provide an indication of, for example, the ancient position of oceanic frontal systems (e. g. 
Schiebel et al., 2002). Similarly, one can derive shell flux ratios of foraminiferal species 
indicative of certain contrasting ecological situations. For example, Conan and Brummer 
(2000) demonstrated that the ratio G. bulloides to G. ruber measured off Somalia reflects the 
intensity of SW-monsoonal upwelling independently of the shell flux. In the subtropical 
western North Pacific, Itou and Noriki (2002) identified the ratio of Globorotalia scitula to 
N. dutertrei as a proxy for mixed-layer depth and the strength of the East Asian Winter 
Monsoon. 
Imbrie and Kipp (1971) developed the transfer-function technique to make quantitative 
estimates of past marine climates. They used a combination of factor analysis and multiple 
regression to relate a calibration data set of recent planktic foraminiferal abundances from 
coretops to modern sea-surface temperatures, and applied the resulting correlations 
downcore to estimate paleotemperatures. In the last decades, this technique has often been 
applied to samples from the Last Glacial Maximum for large-scale reconstructions not only 
of surface water temperature but of productivity and thermocline depth as well (e. g. 
CLIMAP-Project Members, 1976, 1981; Mix, 1989; Andreasen and Ravelo, 1997). Various 
other statistical approaches have been introduced to date: The modern analog technique 
(Hutson, 1980; Prell, 1985), the modern analog technique with similarity index (SIMMAX; 
Pflaumann et al., 1996) and the revised analog method (Waelbroeck et al., 1998) are based 
on the degree of dissimilarity between fossil and modern faunal assemblages in a specified 
SST range. Malmgren and Nordlund (1997) used artificial neural networks to estimate late 
Quaternary surface-water temperatures in the Indian Ocean. Such algorithms are able to 
"learn" a set of target vectors from a set of input vectors by self-adjustment of parameters 
which minimizes errors between a desired output and the actual network output 
(Malmgren and Nordlund, 1997). Further studies were conducted that focused on refining, 
evaluating or comparing the above-mentioned techniques (e. g. Watkins and Mix, 1998; 
Mix et al., 1999; Malmgren et al., 2001). Wolff et al. (1999) reviewed the applicability of 
foraminiferal abundance data for paleosalinity estimates. Because foraminiferal species 
seem to be primarily controlled by temperature, they concluded that such an approach 
provides unreliable results due to the high correlation of salinity and temperature over 
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large areas of the present-day ocean, which is probably not constant over time. In recent 
years, new large-scale reconstructions of sea-surface temperatures and sea-ice extent at the 
Last Glacial Maximum were presented based on significantly improved coretop foramini-
feral data sets that have been substantially expanded and reviewed for internal taxonomic 
consistency (e. g. Trend-Staid and Prell, 2002; Sarnthein et al., 2003; Kucera et al., 2005).  
Beside the assemblage structure, the chemical composition of the calcareous shells has 
been identified as being a powerful tool for the reconstruction of past ocean environments 
as well. Planktic foraminifera record the chemistry of the surrounding seawater while 
precipitating their calcite shells, thus offering a wealth of different proxies (Lea, 1999; 
Rohling and Cooke, 1999; Wefer et al., 1999), examples of which shall be given here. 
The most widely used shell biogeochemical proxy is probably the stable oxygen isotope 
composition (18O/16O) expressed as the deviation from a standard in permil (δ18O). 
Emiliani (1955) noticed that Quaternary glacial-interglacial cycles largely coincide with 
variability of the oxygen isotope record, thus allowing for a stable isotope stratigraphy. 
Since the δ18O of calcareous shells depends mainly on the temperature of calcification and 
the δ18O of seawater, foraminiferal δ18O allows the reconstruction of ambient seawater 
temperatures based on empirically derived paleotemperature equations (Bemis et al., 1998, 
and references therein; Mulitza et al., 2003a). In conjunction with an independent tempera-
ture proxy, the δ18O-record can reveal the isotopic composition of seawater, itself an indi-
cator of surface water salinity and global ice volume (e. g. Duplessy et al., 1991; Wolff 
et al., 1999; Elderfield and Ganssen, 2000). By combining δ18O-records of several planktic 
foraminiferal species having different depth habitats (shallow- vs. deep-living), it is possi-
ble to draw conclusions on past surface-water stratification (e. g. Steens et al., 1992; 
Mulitza et al., 1997; Niebler et al., 1999). 
Planktic foraminifera also record the stable carbon isotope composition (δ13C) of total 
dissolved inorganic carbon of seawater, which is related to nutrient cycles and produc-
tivity as well as ocean circulation and carbon cycle variations (Mulitza et al., 1999, and 
references therein). However, the δ13C of foraminiferal shells is markedly distorted by e. g. 
vital effects or the carbonate ion concentration of seawater (e. g. Spero et al., 1997, 1999; 
Bijma et al., 1998; Wolf-Gladrow et al., 1999). 
The calcium isotope composition (δ44Ca) and some trace element to calcium ratios of 
foraminiferal shells (e. g. Mg/Ca) have been observed to be closely associated with 
temperatures (e. g. Nürnberg et al., 1996; Nägler et al., 2000). Furthermore, Sanyal and co-
workers (e. g. Sanyal and Bijma, 1999) reported on the boron isotopic composition (δ11B) as 
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a measure of paleo-pH of seawater. The Cd/Ca ratio, being related to phosphate contents, 
is regarded as an independent indicator of productivity (e. g. Rickaby and Elderfield, 
1999). Finally, various foraminiferal dissolution indices offer the possibility to trace the 
depth of the lysocline or the carbonate compensation depth (e. g. Dittert et al., 1999). 
Most foraminifera-derived proxies (e. g. foraminiferal abundances and oxygen isotope 
compositions) are significantly biased by seasonality influencing their paleoceanographic 
interpretations (e. g. Mulitza et al., 1998; Pflaumann et al., 2003; Waelbroeck et al., 2005), 
which makes the environmental sensitivity of planktic foraminifera and the seasonal 
variability of their fluxes an essential target for closer investigation. 
1.4 Scientific objectives 
The temporal and spatial variability of planktic foraminiferal downward fluxes can be 
estimated best by means of sediment traps that intercept the particle "rain" constantly over 
prescribed time-intervals (e. g. Deuser, 1986; Fischer and Wefer, 1996). Thus sediment 
traps represent a useful link between the living population of foraminifera in the upper 
water column and their fossil counterparts on the seafloor. To date, a multitude of sedi-
ment-trap studies analyzing foraminiferal fluxes has been conducted in all oceans and 
covering a variety of oceanographic settings (e. g. Sautter and Thunell, 1989; Schiebel and 
Hemleben, 2000). They have shown that the seasonal succession of foraminiferal species is 
highly correlated with changes in the upper-ocean environment (see chapter 1.2). 
As part of a large sediment-trapping program, carried out at the University of Bremen, 
Germany, several sediment traps were deployed along a N-S transect crossing the eastern 
equatorial upwelling region of the Atlantic Ocean (e. g. Fischer and Wefer, 1996), which is 
influenced by seasonal differences in trade-wind intensity and the latitudinal migration of 
the Intertropical Convergence Zone (Peterson and Stramma, 1991). Within the scope of the 
presented study a detailed regional analysis of planktic foraminiferal fluxes in this region 
was conducted (chapter 2). The scientific objectives were 
• to determine the main factors governing planktic foraminiferal fluxes and assemblage 
compositions in this temporally and spatially highly variable oceanographic setting, 
• to investigate how these fluxes are related to the overlying current regime, and 
• to examine, whether the observed short-term flux variability corresponds to lunar 
phases and hence might be explained by lunar reproductive cycling of the respective 
foraminiferal species. 
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An improved knowledge about the relationship between the faunal assemblage and 
modern hydrography may thus help to interpret the ancient record in terms of species 
seasonality or the position of frontal systems. 
The large quantity of sediment traps that has been studied throughout the world´s 
oceans in a regional context offers the opportunity to proceed from regional to world-wide 
observation of foraminiferal flux variability (chapter 3). Therefore, other main goals of this 
study were 
• to reassess the sensitivity of selected planktic foraminiferal species to key environmen-
tal parameters on a global scale by compiling available data on trap-derived foramini-
feral fluxes as well as corresponding sea-surface temperature and export production 
data (indicating food availability), and 
• to compare the derived optimum ranges to previous observations from plankton tows, 
laboratory cultures and surface sediments (e. g. Bé and Tolderlund, 1971; Bijma et al., 
1990b; Hilbrecht, 1996). 
Based on the global compilation and additional data on mixed-layer depth, a further 
goal of this study was 
• to quantify the dependence of species fluxes on surface water conditions using a multi-
variate statistical approach (chapter 4). 
The most challenging objective, however, was 
• to use the gained knowledge to develop an empirical model that predicts monthly fora-
miniferal fluxes on a global scale from hydrographic and productivity data, and 
• to assess its predictive skills e. g. by testing, whether faunal assemblages found in 
surface sediments can be reproduced by the model. 
Such a model, if successful, should be able to disentangle the seasonal imprint on planktic 
foraminiferal fluxes that is reflected in the seafloor record at a given position. As 
seasonality is unlikely to be constant over time (Wefer et al., 1999; Mulitza et al., 2003b; 
Waelbroeck et al., 2005) the model might as well derive modulated seasonalities if forced 
with boundary conditions different from the present climate state, and thus contribute to 
the improvement of proxy calibration. 
1.5 Material and methods 
From 1989 to 2001 extensive geoscientific investigations have been carried out at the 
University of Bremen, Germany, within the framework of the Collaborative Research 
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Center (Sonderforschungsbereich = SFB) No. 261 "The South Atlantic in the Late Quater-
nary – Reconstruction of Material Budgets and Current Systems". This interdisciplinary 
research project aimed at reconstructing current and productivity systems of the South 
Atlantic over the last 300,000 years with the development and application of proxies being 
a major theme of study (Wefer et al., 1996; Fischer and Wefer, 1999; Wefer et al., 2003). In 
addition to sampling surface waters and the seafloor sedimentary record, numerous time-
series sediment traps were deployed in key locations of the Atlantic and Southern Oceans 
to understand the seasonality of downward particle fluxes in different oceanographic 
regimes with emphasis on highly productive upwelling areas of the eastern Atlantic 
(Table 1.1; e. g. Wefer and Fischer, 1993; Fischer and Wefer, 1996; Fischer et al., 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1.1 
Deployment data of the mooring sites studied at the University of Bremen, Germany, within the 
Collaborative Research Center No. 261, that have been used in this study 
Trap Location Deploy- Position Water Depth Trap Depths Sampling Duration
ment [m] [m] [dd.mm.yyyy]
Cape Blanc CB1 20.76°N  19.74°W 3646 2195 22.03.1988 - 08.03.1989
CB2 21.15°N  20.69°W 4092 3502 15.03.1989 - 24.03.1990
CB3 21.14°N  20.67°W 4094 730 08.04.1990 - 02.05.1991
3557 29.04.1990 - 08.04.1991
CB4 21.15°N  20.68°W 4108 733; 3562 03.05.1991 - 19.11.1991
CB5 21.14°N  20.68°W 4119 3587 06.06.1994 - 27.08.1994
E Equatorial Atlantic EA1 03.17°N  11.25°W 4524 984 13.04.1991 - 29.11.1991
EA2 01.78°N  11.25°W 4399 953 13.04.1991 - 29.11.1991
EA3 00.08°S  10.77°W 4141 434; 738; 1097; 13.04.1991 - 29.11.1991
1865; 2622; 3581
EA4 02.19°S  10.09°W 3906 1068 13.04.1991 - 29.11.1991
EA5 04.34°S  10.26°W 3490 948 13.04.1991 - 29.11.1991
W Equatorial Atlantic WA1 04.00°S  25.57°W 5530 652; 1232; 4991 17.10.1992 - 21.03.1993
WA2 07.52°S  28.04°W 5570 591 19.10.1992 - 21.03.1993
WA3 07.51°S  28.03°W 5570 671; 5031 26.03.1993 - 08.08.1994
W Atlantic WAB1 11.55°S  28.52°W 5483 727; 4515 27.02.1997 - 19.05.1998
WAB2 11.58°S  28.53°W 5460 710 22.05.1998 - 26.11.1999
Walvis Ridge WR2 20.05°S  09.16°E 2196 599 18.03.1989 - 13.03.1990
1648 18.03.1989 - 09.08.1989
WR3 20.04°S  09.16°E 2208 1648 25.03.1990 - 09.04.1991
WR4 20.13°S  08.96°E 2263 1717 21.04.1991 - 17.12.1991
Walvis Bay WB 23.03°S  12.44°E 1803 968 17.02.2000 - 10.08.2000
Weddell Sea WS1 62.44°S  34.76°W 3880 863 25.01.1985 - 19.03.1986
WS2 64.92°S  02.50°W 5000 4456 20.01.1987 - 20.11.1987
WS3 64.90°S  02.56°W 5053 360 16.01.1988 - 04.02.1989
WS4 64.92°S  02.59°W 5044 352 03.03.1989 - 26.02.1990
1 Introduction 
 15
Whereas most results on particulate bulk compositions of the sampled material listed in 
Table 1.1 have already been presented elsewhere (e. g. Fischer and Wefer, 1996), planktic 
foraminiferal flux variations have only been discussed in detail for the Weddell Sea trap 
sites so far (Donner and Wefer, 1994). Hence, a large set of mostly unpublished data on 
planktic foraminiferal fluxes from the Atlantic Ocean was available for further in-depth 
investigation and discussion. Pursuing the objective of a global-scale analysis of planktic 
foraminiferal fluxes, an extensive literature survey was conducted in search of further 
trap-based investigations on planktic foraminifera from other regions of the world´s 
oceans. Subsequently, these data were added to the database if available and if discussing 
the same size fraction of foraminiferal shells (> 125 or > 150 µm). However, the presented 
data set is certainly not exhaustive. 
To be able to relate variations in planktic foraminiferal fluxes to conditions in the upper 
water column, data on hydrographic parameters and export productivity were assorted as 
well. Sea-surface temperatures and mixed-layer depths were obtained from online data-
bases. Export production was the only parameter available in the temporal resolution of 
sediment-trap samples, that should provide an indication of the productivity of surface 
waters and hence the food supply for planktic foraminifera at the time of particle inter-
ception. The export production was derived from organic carbon fluxes estimated from the 
same sediment-trap material as used for the faunal analysis. 
The global data set of export production used to force the planktic foraminiferal flux 
model (chapter 4) was based on satellite-derived primary production data from the 
Moderate Resolution Imaging Spectroradiometer. The Brown University Foraminiferal 
Database (Prell et al., 1999) containing foraminifera counts of 1265 globally distributed 
coretop samples was used for comparisons to modeled distribution patterns of planktic 
foraminiferal species. 
Further details on deriving foraminiferal species sensitivity to environmental parame-
ters (second manuscript) and the planktic foraminiferal flux model (third manuscript) can 
be obtained from the respective methods descriptions in chapters 3 and 4. 
1.6 Outline of the presented dissertation 
The main goal of this study is to contribute to a better knowledge of planktic 
foraminiferal sensitivity to environmental parameters of the surrounding seawater, which 
induces seasonal and spatial variability on downward fluxes of these micro-organisms. 
This is in turn reflected in the sedimentary record, and thus the understanding and large-
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scale quantification of such variability is key to calibrate and interpret foraminifera-based 
proxies in paleoceanography. Moreover, this study aims at taking the next step from 
regional to global observation and further on towards modeling planktic foraminiferal 
fluxes and assemblage compositions worldwide. Three manuscripts presenting and 
discussing results of my research evolved from this dissertation and shall be briefly 
summarized here. 
The first manuscript (chapter 2) "Temporal and spatial variability of planktic 
foraminiferal fluxes in the equatorial upwelling region of the eastern Atlantic Ocean" 
(Snježana Žarić, Barbara Donner, Gerhard Fischer and Gerold Wefer) provides explanations for 
foraminiferal flux variations along a N-S transect crossing the equatorial upwelling area at 
11°W. These were detected using time-series sediment traps deployed from April to 
November 1991, thus covering the season of strongest equatorial divergence, intense 
surface water cooling and enhanced phytoplankton productivity in austral winter (Jul-Sep; 
e. g. Peterson and Stramma, 1991). Planktic foraminiferal assemblages are recognized to 
reflect not only the specific regional and seasonal differences in temperature, food supply 
and light conditions of the upper-ocean environment but also influences of different 
current regimes. Moreover, planktic foraminiferal fluxes of most species show strong 
regularly recurring pulses that can be traced into the deep ocean and are probably related 
to lunar reproductive cycling of the foraminiferal species. 
The second manuscript (chapter 3) "Sensitivity of planktic foraminifera to sea-surface 
temperature and export production as derived from sediment trap data" (Snježana Žarić, 
Barbara Donner, Gerhard Fischer, Stefan Mulitza and Gerold Wefer) presents a compilation of 
planktic foraminiferal flux data estimated from globally distributed sediment traps. Since 
temperature and food supply have been earlier suggested to significantly influence 
planktic foraminiferal assemblages (e. g. Bijma et al., 1990b; Ortiz et al., 1995; Watkins 
et al., 1996; Schiebel et al., 2001; Morey et al., 2005), this study aims to detect the 
environmental sensitivity of selected species on a global scale by relating species fluxes 
and relative abundances to sea-surface temperatures and export productions at the times 
of particle collection. Derived optimum ranges are compared to previous plankton tow, 
laboratory and surface sediment investigations (e. g. Bé and Tolderlund, 1971; Bijma et al., 
1990b; Hilbrecht, 1996). The presented study confirms that sea-surface temperature 
strongly affects downward fluxes of most investigated planktic foraminiferal species at the 
edges of their specific thermal distributional ranges. Under optimum conditions, however, 
productivity among others seems to have an impact on foraminiferal downward fluxes. 
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The ambition of the third manuscript (chapter 4) "Global prediction of planktic 
foraminiferal fluxes from hydrographic and productivity data" (Snježana Žarić, Michael 
Schulz and Stefan Mulitza) is to quantify the seasonal and spatial distribution of planktic 
foraminiferal fluxes depending on environmental conditions in the upper water column. 
Towards this goal, an empirical model is presented, to our knowledge the first of its kind, 
that predicts monthly foraminiferal fluxes on a global scale. The calibration was carried 
out based on the data set compiled in the second manuscript, which has been extended 
mainly for data on mixed-layer depths. The predictive skills of the model are assessed by 
comparing the output of a global model experiment to observations from coretops and 
further sediment trap studies. This reveals that the model is able to reproduce many 
general distribution patterns of planktic foraminiferal species observed in today´s world 
oceans, even though it still produces problematic results in some places. 
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Temporal and spatial variability of planktic foraminiferal fluxes 
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Abstract 
We report on temporal and spatial variations in downward fluxes and assemblage compositions 
of planktic foraminifera recorded along a N-S transect crossing the equatorial upwelling region of 
the eastern Atlantic (3°N-4.5°S ~ 11°W). Five sediment trap moorings (EA1-EA5) were deployed 
from April to November 1991 in order to compare the situation within the upwelling center to that 
of the surrounding area. 
Planktic foraminiferal abundances reflect the specific pattern of small-scale oceanographic varia-
bility in surface waters of the equatorial Atlantic, which is induced by the seasonal displacement of 
the Intertropical Convergence Zone and variations in trade wind intensity: North of the equator 
foraminiferal fluxes were observed to concentrate at a strong convergent front in austral winter 
corresponding in time with strongest equatorial divergence and surface cooling. Although located 
closest to the upwelling center, fluxes were significantly reduced at the equator and south of it in 
winter due to decreasing fluxes of tropical symbiont-bearing and thus light-dependent species 
Globigerinoides ruber and G. sacculifer, which dominate the assemblage during the typical tropical 
situation of the austral fall. Globigerina bulloides and Neogloboquadrina dutertrei prevail under condi-
tions of elevated primary production, e. g. associated with a deep chlorophyll maximum developing 
at a thermal ridge south of the equator in austral summer. Fluxes at the southernmost station (EA5) 
are delayed by approximately two weeks and seem to be significantly affected by lateral transport. 
Strong pulses in flux patterns of many foraminiferal species are probably due to a synodic lunar 
reproductive cycle with gametogenesis occurring around full moon. Because of relatively high 
settling velocities of foraminiferal shells recorded in the eastern equatorial Atlantic, peaks of 
synchronized empty-shell output are transferred to the deep ocean within days. Thus moon-
triggered foraminiferal life cycles may be significant for carbonate sedimentation in the equatorial 
Atlantic. 
Keywords: foraminifera; sediment traps; particulate flux; seasonality; lunar reproductive cycles; 
equatorial upwelling; eastern Atlantic 
2.1 Introduction 
Planktic foraminifera are among the most important microfossils used in paleoceano-
graphy, because their shell chemistry and assemblage composition reflect environmental 
conditions of surface waters (e. g. Wefer et al., 1999). Over the past decades, foraminiferal 
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research has shown that sea surface temperature (SST), food supply, the thermal structure 
of the water column, circulation patterns and light conditions among others can signifi-
cantly affect planktic foraminiferal distributions (e. g. Hemleben et al., 1989; Bijma et al., 
1990b; Ortiz et al., 1995; Watkins et al., 1996; Eguchi et al., 1999; Schiebel et al., 2001; King 
and Howard, 2003; Morey et al., 2005; Žarić et al., 2005). Differences in species sensitivities 
to the above-mentioned parameters thus cause considerable variations in fluxes and rela-
tive abundances of foraminiferal species on regional and temporal scales (e. g. Bé, 1977; 
Ortiz et al., 1995; Conan and Brummer, 2000; Schiebel et al., 2004; Žarić et al., 2005). The 
seasonality of planktic foraminiferal downward fluxes and their relation to modern upper-
ocean hydrography has been the focus of numerous sediment-trap studies conducted in 
diverse ocean environments (e. g. Sautter and Thunell, 1989; Curry et al., 1992; Marchant 
et al., 1998; Giraudeau et al., 2000; Kawahata et al., 2002). Just recently many of these data 
have been compiled by Žarić et al. (2005), who investigated species sensitivities to sea 
surface temperature and export production on a global scale. 
Our study is part of a large trapping program that has been carried out by the Univer-
sity of Bremen, Germany, to understand the seasonality of downward particle fluxes in 
highly productive upwelling areas of the eastern Atlantic (e. g. Wefer and Fischer, 1993; 
Fischer et al., 1996, 2000; Fischer and Wefer, 1996a; Freudenthal et al., 2001; Romero et al., 
2002a,b; Wilke et al., subm.). 
The tropical Atlantic is influenced by strong seasonal variations of the trade wind 
system related to migrations of the Intertropical Convergence Zone (ITCZ). These induce 
enhanced surface water divergence in a narrow band close to the equator in austral winter 
causing the upwelling of nutrient-rich waters, intense surface cooling and strong primary 
production, which has been compared in magnitude to the North Atlantic spring bloom 
(e. g. Hastenrath and Merle, 1987; Peterson and Stramma, 1991; Platt et al., 1991; 
Longhurst, 1993). Hence, the study area is spatially and temporally highly variable with 
respect to surface water properties and atmospheric and ocean circulation. Over the past 
15 years, scientists involved in the Bremen trapping program have analyzed various 
sediment traps deployed in the western Guinea Basin to shed light on how this specific 
ocean environment impacts downward particle fluxes in that region. Total particle fluxes 
and the bulk composition of the particulate matter have already been reported to be 
considerably affected by changes in the upper-ocean environment (Wefer and Fischer, 
1993; Fischer and Wefer, 1995, 1996a,b). The same was observed for fluxes of diatoms 
(Lange et al., 1994; Treppke et al., 1996; Romero et al., 1999). Baumann et al. (2003) 
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demonstrated that planktic foraminifera dominate the carbonate flux in the eastern 
equatorial Atlantic, which in turn is the dominant constituent of total particulate fluxes 
there (Wefer and Fischer, 1993). 
To complement our present-day understanding of the flux seasonality in the eastern 
equatorial Atlantic, we here report on temporal and spatial variations in planktic forami-
niferal fluxes along a N-S transect crossing the equatorial upwelling region (3°N-4.5°S 
~ 11°W). Previous investigations including details on planktic foraminiferal assemblages 
from the eastern equatorial Atlantic were restricted to samples from the upper water 
column and the sediment (Jones, 1967; Boltovskoy, 1968; Ravelo et al., 1990; Kemle-von 
Mücke and Oberhänsli, 1999; Ravelo and Andreasen, 1999). We examine how the distinct 
regional and seasonal variability in surface water oceanography influences planktic 
foraminiferal abundances, and compare the situation in the upwelling center to that of the 
surrounding area. The material used has been collected by time-series sediment traps over 
a period of 7.5 months (April to November 1991) covering the season of maximum equato-
rial upwelling in austral winter. Our investigation also adds to the discussion on lunar 
reproductive cycles in planktic foraminifera. 
2.2 Study area 
2.2.1 Oceanographic setting 
Upper-level hydrography of the equatorial Atlantic Ocean has been reviewed in great 
detail elsewhere (e. g. Peterson and Stramma, 1991; Wefer et al., 1996b). Hence, only a 
summary of the main features shall be given here. The oceanographic situation at the 
surface is generally characterized by the broad westward flow of the South Equatorial 
Current (SEC) consisting of two main branches (Fig. 2.1): The mainstream flowing south of 
10°S forms the northern part of the South Atlantic subtropical gyre and is separated from 
the faster flowing northern branch close to the equator by the eastward flowing South 
Equatorial Countercurrent (SECC) at 7-9°S (Peterson and Stramma, 1991). At the equator 
the SEC is underlain by the Equatorial Undercurrent (EUC = Lomonossov Current) which 
transports relatively warm, saline and oxygenated waters across the Atlantic to the east 
(Hastenrath and Merle, 1987; Peterson and Stramma, 1991). The EUC is located within the 
thermocline at depths of 50-125 m reaching current velocities above 100 cm s-1. It is most 
intense in the western Atlantic and weakens as it flows east (Peterson and Stramma, 1991). 
The northern boundary of the SEC is formed by the seasonally appearing eastward 
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flowing North Equatorial Countercurrent (NECC) lying between 3° and 10°N, which finds 
its eastern extension in the Guinea Current (GC) flowing along the African coast. Further 
north, the North Equatorial Current (NEC) is driven by the NE trades and forms a region 
of broad and uniform westward flow across the Atlantic. 
Variations in the circulation system of the equatorial Atlantic are mainly governed by 
seasonal variations in atmospheric forcing (e. g. Hastenrath and Merle, 1987; Katz, 1987; 
Peterson and Stramma, 1991). These are associated primarily with the meridional migra-
tion of the ITCZ, where warm and moist air rises and the NE and SE trade winds 
converge. As the mean position of the ITCZ is generally north of the equator (Höflich, 
1984), the study area lies under the permanent influence of the SE trades. Together with a 
change in Coriolis force at the equator they cause upwelling above the EUC in a belt of 
divergence south of the equator, which is compensated by convergence at the depth of the 
EUC (e. g. Hastenrath and Merle, 1987; Peterson and Stramma, 1991). 
In austral summer (January-March), the ITCZ, which is associated with highest sea 
surface temperatures (Höflich, 1974), is at its southernmost position at ~3°N (Fig. 2.1; 
Servain and Legler, 1986). Southern trades are weakened resulting in a seasonal minimum 
Fig. 2.1: Position of sampling sites EA1 to EA5 in relation to major ocean surface (solid lines) and 
subsurface currents (dotted lines) in the eastern equatorial Atlantic (after Peterson and Stramma, 
1991). AC = Angola Current: BC = Benguela Current; EUC = Equatorial Undercurrent; GC = 
Guinea Current; NEC = North Equatorial Current; NECC = North Equatorial Countercurrent; 
SEC = South Equatorial Current; SECC = South Equatorial Countercurrent. Dashed lines show 
seasonal northernmost (August) and southernmost positions (March) of the ITCZ. 
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of both SEC velocities and equatorial upwelling (e. g. Philander and Pacanowski, 1986; 
Peterson and Stramma, 1991). Eastward advection by the NECC diminishes whereas the 
EUC is strongest during this season. Related to strong NE trades in austral summer, 
Saharan dust plumes can reach as far south as the northern sampling sites. Their fallout 
can in conjuction with ITCZ-bound precipitation lead to an enhanced supply of micro- and 
macronutrients to the northern Guinea Basin thus inducing biological production (Schütz, 
1980; Wefer and Fischer, 1993; Prospero, 1996). South of the equator at 2-3°S a thermal 
ridge occurs as a permanent feature of the warm season (Voituriez and Herbland, 1977, 
1981). The "typical tropical situation" is characterized by nutrient depletion in the warm 
surface layer separated from nutrient-rich deeper waters by a strong thermocline. 
Depending on the depth of the nitracline, a deep chlorophyll maximum may develop at 
the thermal ridge (Voituriez and Herbland, 1977, 1981). 
During austral winter (July-September), the ITCZ reaches its northernmost position 
around 10-15°N. The SE trades are at their strongest leading to an acceleration of surface 
currents (SEC, NECC, GC; Peterson and Stramma, 1991). The vigorous westward 
advection of warm tropical surface waters through the SEC causes a pronounced 
deepening of the thermocline in the western equatorial Atlantic while it shoals to 20 to 
30 m in the eastern part of the basin due to intensified zonal wind stress in the western 
tropical Atlantic (e. g. Servain et al., 1982; Hastenrath and Merle, 1987; Longhurst, 1993). 
Together with an enhanced equatorial divergence this allows cool and nutrient-rich water 
to upwell mainly between 0.5°N and 1.5°S and cause intense surface cooling (6-8°C), 
maximal nutrient content and significantly higher phytoplankton productivity in surface 
waters over a wide range of the eastern tropical Atlantic (e. g. Voituriez and Herbland, 
1977; Philander and Pacanowski, 1986; Hastenrath and Merle, 1987; Oudot and Morin, 
1987; Peterson and Stramma, 1991; Longhurst, 1993; Pérez et al., 2005). Thereby, nutrient 
enrichment and enhanced productivity can sometimes last until the end of the year (Oudot 
and Morin, 1987; Longhurst, 1993; Monger et al., 1997). Maximum chlorophyll a 
concentrations in surface waters occur in August (Fig. 2.2) reaching values > 2 mg m-3 
(Pérez et al., 2005). The strong convergence of water masses at the boundary between the 
NECC and the SEC results in downwelling of surface waters at 3°N with a concomitant 
depression of the thermocline (Philander and Pacanowski, 1986; Hastenrath and Merle, 
1987). The austral winter is also the season of coastal upwelling and algal blooms along the 
northern coast of the Gulf of Guinea especially off Ghana and the Ivory Coast (Philander, 
1979; Peterson and Stramma, 1991; Longhurst, 1993). 
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2.2.2 Hydrography in the sampling period 
During early fall of 1991 (start of sampling interval), sea surface temperatures were 
rather uniform across the study area ranging from 28-30°C (Fig. 2.3a; IGOSS database, 
Reynolds and Smith, 1994). They were warmest in the north, where the ITCZ had 
approached the northernmost sampling site just prior to trap deployment (Servain and 
Legler, 1986). The strong equatorial upwelling in austral winter (Jul-Sep) caused intense 
Fig. 2.2: Seasonally averaged chlorophyll a (Chl a) concentration [mg m-3] in the eastern tropical 
Atlantic for an average year (03/1999-03/2000), a) austral fall to d) austral summer, derived from 
Sea-viewing Wide Field-of-View Sensor (SeaWiFS) data provided by the NASA Goddard Space 
Flight Center (GSFC) Distributed Active Archive Center (DAAC). Black circles mark trap sites EA1 
to EA5. Minimum Chl a concentrations are observed in austral fall (a)) in the study area, while 
equatorial upwelling and phytoplankton productivity reach their maximum in austral winter (b)). 
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surface water cooling especially between the equator and 2°S, where SSTs decreased to 
22-23°C. The recorded seasonal SST differences ranged from 3.9°C at 3.5°N (close to site 
EA1) to 7.1°C at 0.5°S indicating that station EA3 was located closest to the center of the 
upwelling area. Surface temperatures remained below 25.5°C south of the equator for the 
rest of the sampling period (austral spring), whereas they increased to 26.5-28°C in the 
north. At every sampling site, sea surface temperatures are negatively correlated to 
oceanic primary production (Fig. 2.3b; Antoine et al., 1996; Fischer et al., 2000). Primary 
production is maximal at the beginning of upwelling at the equator and remains at a high 
level at the equator and south of it throughout the period of upwelling. 
Fig. 2.3: Temporal variations of a) sea surface temperature (SST) and b) monthly primary produc-
tion (PP) along the sampled N-S transect. SSTs shown are the 3-point running averages of the 
actual weekly sea surface temperatures derived from the IGOSS database at a 1x1° grid (Reynolds 
and Smith, 1994; http://iridl.ldeo.columbia.edu/SOURCES/.IGOSS/.nmc/). Monthly PP data at 
the sampling sites are from Fischer et al. (2000) after Antoine et al. (1996). 
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2.3 Material and methods 
From April to November 1991, five moorings (EA1-EA5; Fig. 2.1) were deployed along 
a N-S transect crossing the equatorial upwelling region of the eastern Atlantic from 3°N to 
4.5°S at the western boundary of the Guinea Basin (~ 11°W). The moorings were equipped 
with cone-shaped time-series sediment traps with top grid (Aquatec, Kiel SMT 230/234, 
Germany; opening 0.5 m²) at approximately 1000 m water depth. Mooring EA3 at the 
equator was provided with five additional traps, of which two were positioned at 
shallower and three at deeper depths (EA3a-f). Each sediment trap collected 20 samples at 
11.5 day intervals. The northernmost site (EA1, 3°N) was located at the boundary of the 
equatorial band of high surface chlorophyll a shown by satellite images (Fig. 2.2b). This is 
also the southernmost position of the ITCZ being reached in austral summer (Fig. 2.1; 
Servain and Legler, 1986). Moorings EA3 and EA4 (directly at the equator and at 2°S) are 
assumed to be in the center of the upwelling area, while the southernmost site (EA5, 4.5°S) 
lies in the transition zone to the oligotrophic subtropical gyre. For details on positions and 
sampling intervals of the deployments see Table 2.1. At station EA3 a current meter was 
installed at 1120 m depth to register current speeds and directions during the 7.5 months 
sampling period. Prior to deployment, trap cups were filled with filtered seawater, 
poisoned with HgCl2 to retard microbial activity, and NaCl was added to increase the 
density of the cup solution (salinity up to 40 psu). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.1
Locations of the mooring sites, water and trap depths as well as durations of the sampling
intervals
Deploy- Position water trap sampling duration samples x
ment depth depths days
[m] [m]
EA1 3°09.9´N 11°14.9´W 4524 984 13.04.-29.11.1991 20 x 11.5
EA2 1°46.9´N 11°15.2´W 4399 953 13.04.-29.11.1991 20 x 11.5
EA3 a 0°04.5´S 10°46.1´W 4141 434 13.04.-29.11.1991 20 x 11.5
b 738 13.04.-29.11.1991 20 x 11.5
c 1097 13.04.-29.11.1991 20 x 11.5
d 1865 13.04.-29.11.1991 20 x 11.5
e 2622 13.04.-29.11.1991 20 x 11.5
f 3581 13.04.-29.11.1991 20 x 11.5
EA4 2°11.4´S 10°05.5´W 3906 1068 13.04.-29.11.1991 20 x 11.5
EA5 4°20.1´S 10°15.8´W 3490 948 13.04.-29.11.1991 20 x 11.5
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After recovery, trap cups were again poisoned with HgCl2 and stored at 4°C. Samples 
were wet-sieved through a 1 mm screen and zooplankton "swimmers" were removed with 
forceps. Subsequently, the < 1 mm fraction was split into aliquots for analyses. The bulk 
composition of the particulate matter as well as diatom fluxes have been presented 
elsewhere (Fischer and Wefer, 1995, 1996a,b; Romero et al., 1999). For faunal analyses on 
planktic foraminifera we originally used a quarter split of the < 1 mm size fraction, but 
high-flux samples were further split. Foraminifera were wet-picked with a pipette, rinsed 
several times with fresh water, dried at 50°C and weighed. Specimens > 150 µm were 
counted and identified to species level according to the taxonomy of Bé (1977) and 
Hemleben et al. (1989). Based on the faunal counts foraminiferal flux estimates were made 
[ind. m-2 d-1] taking into account split size, trap aperture and length of the collection 
period. 
All contour plots were computed with the software Surfer 7.0 (Golden Software Inc., 
Colorado) applying triangulation with linear interpolation. Data were assigned to mid-
dates of the respective time-intervals. 
2.4 Results 
We present results focused on the traps at 1000 m water depth along the N-S transect. 
Detailed planktic foraminiferal flux estimates for all sediment traps are given in the 
appendix. 
2.4.1 Total foraminiferal fluxes 
Highest mean total foraminiferal fluxes (TFF) were found north of the equator yielding 
on average 1887 ind. m-2 d-1 at EA2 and 1273 ind. m-2 d-1 at EA1 (Fig. 2.4). The southern 
trap sites (EA4/5) showed intermediate values of ~ 1050 ind. m-2 d-1, while mean TFFs at 
the equator (EA3) did not exceed 676 ind. m-2 d-1. Total foraminiferal mass fluxes averaged 
over the sampling period ranged from ~ 16.5 mg m-2 d-1 at EA3/4 to 34.5 mg m-2 d-1 at 
EA2. The mass flux patterns were very similar to the flux patterns expressed as ind. m-2 d-1 
and are therefore not further discussed. Flux patterns at all sites were strongly pulsed with 
peaks occurring approximately every month (Fig. 2.4). 
Except for the beginning and the end of the sampling period, TFFs at the two northern 
trap sites were high with major peaks in late austral fall and winter (2000-3400 ind. m-2 d-1). 
Seasonality at these trap sites was less pronounced than at the other sites. At the equator 
(site EA3) fluxes were lower throughout the sampling interval. A broad maximum was 
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Fig. 2.4: Variability in total foraminiferal fluxes (bars) and total mass fluxes (solid lines) at ~ 1000 m 
water depth along the equatorial N-S transect (trap sites EA1-5). Total mass fluxes are from Fischer 
and Wefer (1995). Times of full and new moon are indicated on top of the figure, dashed grid lines 
additionally mark the full moon. 
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found in fall (up to 1500 ind. m-2 d-1) and three rather sharp maxima during the winter 
upwelling (up to 1770 ind. m-2 d-1), whereas background fluxes dropped to low values in 
that season (100-200 ind. m-2 d-1). At the stations south of the equator (sites EA4/5) 
planktic foraminiferal fluxes increased again. They were maximal during austral fall (3800-
4000 ind. m-2 d-1) and distinctly reduced for the rest of the sampling period except for one 
strong peak at site EA5 in Sep/Oct (4000 ind. m-2 d-1). Site EA4 showed a secondary peak 
during winter upwelling. 
2.4.2 Fluxes of individual foraminiferal species 
Altogether, 21 species were identified in the study area, of which 13 were present at all 
five trap stations. Six species (Globigerinoides ruber (white), Globigerinita glutinata, Globigeri-
noides sacculifer, G. ruber (pink), Globorotalia menardii and Neogloboquadrina dutertrei) account 
on average for more than 70 % of the total foraminiferal assemblages. The flux variability 
of some planktic foraminiferal species along the studied N-S transect is illustrated in 
Figs. 2.5 and 2.6. 
Many species show a very similar pulsed flux pattern in the study area, reflecting the 
pattern of total foraminiferal fluxes. The tropical species G. ruber and G. sacculifer yield 
highest fluxes in fall across the entire transect (~200-1000 ind. m-2 d-1) and in winter at the 
northern trap sites (~200-700 ind. m-2 d-1; Fig. 2.5a,c,e). Relative abundances are mostly 
between 20-40 % for G. ruber (white) and G. sacculifer decreasing significantly around the 
equator towards strongest winter upwelling in August. G. sacculifer also shows a decrease 
in relative abundance towards the south with further distance from the ITCZ. 
Highest fluxes of G. glutinata and N. dutertrei were recorded in fall south of the equator 
(600-1600 and 150-270 ind. m-2 d-1, respectively) and in winter north of it (500-1000 and 
200-280 ind. m-2 d-1, respectively; Fig. 2.5b,f). Relative abundances of G. glutinata ranged 
mainly between 10 and 40 % increasing towards the winter season at the northern trap 
sites, while N. dutertrei made up mostly between 5-10 % of the assemblage. However, it 
reached > 20 % in early fall at EA5 and > 30 % in late August at site EA3. G. menardii was 
most abundant at station EA1 in winter (up to 450 ind. m-2 d-1), whereas at the stations 
south of the equator, fluxes were highest in fall (50-250 ind. m-2 d-1), except for the strong 
spring peak at site EA5 (Fig. 2.5d). Globorotalia scitula yielded maximal fluxes and relative 
abundances during winter upwelling at the equator (site EA3; up to 170 ind. m-2 d-1 and 
25 %, respectively). Directly south of it (site EA4) fluxes were again highest in fall 
(50-75 ind. m-2 d-1; Fig. 2.5h). 
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Fig. 2.5: Temporal variations in downward fluxes [ind. m-2 d-1] of individual planktic foraminiferal 
species at ~ 1000 m water depth along the equatorial N-S transect (trap sites EA1-5). a) G. ruber 
(white), b) G. glutinata, c) G. ruber (pink), d) G. menardii, e) G. sacculifer, f) N. dutertrei, g) G. bulloides, 
h) Globorotalia scitula. Data were gridded using the mid-dates of each 11.5-day sampling interval 
(marked by circles), dashed lines indicate times of full moon. Note different scaling of fluxes. 
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Fig. 2.6: Average fall (dashed lines) and winter (solid lines) foraminiferal abundances at ~ 1000 m 
water depth along the equatorial N-S transect (trap sites EA1-5). a) Total foraminiferal fluxes, 
b)-k) individual species fluxes (left panels) and relative abundances (right panels) of b/c) G. ruber 
(white), d/e) G. glutinata, f/g) G. sacculifer, h/i) N. dutertrei, j/k) G. bulloides. Note different scaling 
in y-axes. 
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Globigerina bulloides contributed only minor to the foraminiferal assemblage in the study 
area (Fig. 2.5g). Fluxes of this species were highest south of the equator at EA4 in early fall 
(160 ind. m-2 d-1), at the equator during winter upwelling (100 ind. m-2 d-1), and north of the 
equator at EA2 in late winter/early spring (120 ind. m-2 d-1). While relative abundances at 
the sampling sites ranged from 1-3 % on average, G. bulloides made up 21 % of the 
equatorial assemblage (EA3c) in early August. At the northern- and southernmost sites, 
fluxes and relative abundances of this species were decreased. All species presented in 
Fig. 2.5 showed an additional strong flux peak at site EA5 in Sep/Oct, which for some 
species even exceeded the maximum in austral fall. Globorotalia crassaformis (not shown) 
was found as a minor constituent only at the equator and directly south of it, reaching 
peak fluxes in early fall (EA4; 40 ind. m-2 d-1) and winter (EA3c; 10 ind. m-2 d-1). 
Fig. 2.7 shows fluxes of total foraminifera as well as of G. ruber (pink), G. sacculifer and 
G. menardii measured at different water depths at the equator (traps EA3a-f). Total forami-
niferal fluxes are reduced during winter upwelling. This pattern is even more obvious in 
the flux patterns of the three species shown, which are all common members of the tropi-
cal fauna (Jones, 1967; Kemle-von Mücke and Hemleben, 1999). The depth profile shows, 
that there is generally no significant temporal offset of fluxes with depth. 
2.5 Discussion 
2.5.1 Variations in total foraminiferal fluxes 
In general, planktic foraminiferal flux patterns agree very well with the patterns of both 
total particle fluxes (Fig. 2.4) and diatom fluxes measured in Guinea Basin sediment traps, 
which are highest north of the equator (Wefer and Fischer, 1993; Lange et al., 1994; Fischer 
and Wefer, 1995, 1996a,b; Treppke et al., 1996; Romero et al., 1999). 
It should be noted that the austral summer season (Jan-Mar), when the NE trades are 
strongest, was not registered in our trap data because the sampling interval covered only 
the period from 13. April to 29. November 1991. However, many planktic foraminiferal 
species have a life span of two to four weeks depending mainly on the nutrition situation 
and their reproductive cycles (e. g. Hemleben et al., 1989). Taking this into account, indivi-
duals caught at the northern trap sites at the beginning of the sampling period must have 
documented the time of warmest surface waters when the ITCZ was at its southernmost 
position. 
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Fig. 2.7: Temporal variations in downward fluxes [ind. m-2 d-1] of some planktic foraminiferal 
species at different water depths at the equator (trap sites EA3a-f), showing that planktic 
foraminifera in the study area settle to the deep ocean without any significant temporal offset. 
a) Total foraminifera, b) G. ruber (pink), c) G. sacculifer, d) G. menardii. Data were gridded using the 
mid-dates of each 11.5-day sampling interval (marked by circles), dashed lines indicate times of 
full moon. Note different scaling of fluxes. 
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In austral fall, foraminiferal fluxes were highest directly north and south of the equator 
and showed a relative minimum in between (Figs. 2.4 and 2.6a). At the northern trap sites, 
fluxes increased towards the winter season coinciding with most intense SE trades and 
major upwelling (Peterson and Stramma, 1991), whereas they showed a significant de-
crease at the equator and south of it at that time. This is in contrast to surface chlorophyll a 
concentrations that yield maximum values just south of the equator corresponding to the 
zonal band of maximum divergence and surface cooling in austral winter (Figs. 2.2 and 
2.3; e. g. Hastenrath and Merle, 1987; Peterson and Stramma, 1991; Longhurst, 1993; Pérez 
et al., 2005). To explain this discrepancy, Wefer and Fischer (1993) and Fischer and Wefer 
(1995) suggested lateral advection of particles from the southeast and their subsequent 
concentration and settling at the strong convergence zone between NECC and SEC at 
~ 3°N (Yoder et al., 1994), which is in concordance with the predominating wind and 
current pattern. The same may be true for planktic foraminifera as well, which are pro-
bably advected with the SEC from the southeast. In the equatorial Pacific, Watkins et al. 
(1996, 1998) demonstrated that "foraminifera concentrated off the equator at convergent 
fronts rather than being abundant within the entire productive equatorial zone". More-
over, they showed that foraminifera can actively exploit the food-rich waters and repro-
duce there. From our present point of view, we assume that the coastal winter-upwelling 
off Ghana and the Ivory Coast (e. g. Philander, 1979; Longhurst, 1993) does not influence 
our northern trap sites, because the seasonally strengthened eastward flowing NECC and 
GC would transport particles further away from our study area (Peterson and Stramma, 
1991). 
The current meter at 1120 m water depth at the equator (site EA3) registered current 
velocities above 50 cm s-1 in a mainly westward direction during the cold season (Jul-Sep). 
As was shown earlier, the trapping efficiency of moored sediment traps is strongly biased 
by horizontal current speed (tilting the trap) and settling velocity of particles, and 
decreases sharply at current velocities above 50 cm s-1 (Butman et al., 1986; Baker et al., 
1988). Thus downward fluxes measured in that season might underestimate the true fluxes 
(Wefer and Fischer, 1993). However, because foraminiferal shells > 150 µm shell size have 
rather high settling velocities (Takahashi and Bé, 1984), this effect is probably of minor 
importance for the foraminiferal flux record as compared to fluxes of other particles. 
According to Wefer and Fischer (1993), peak fluxes in fall at the northern trap sites 
might be attributed to enhanced biological production due to NE trades´ supply of 
nutrients precipitating within the ITCZ (Schütz, 1980). Higher lithogenic fluxes and the 
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presence of land-derived diatoms in fall samples support this assumption (e. g. Fischer 
and Wefer, 1996a; Romero et al., 1999). At the southern trap sites, fall peaks might be a 
response to a thermal ridge at 2-3°S, which is a permanent feature of the warm season 
allowing for the formation of a deep chlorophyll maximum and enhanced primary 
production (Voituriez and Herbland, 1977, 1981). Despite various studies concentrating on 
flux patterns in the complex oceanographic setting of the eastern equatorial Atlantic, we 
are currently still unable to provide an explanation for the strong spring flux peak at EA5, 
which is visible in fluxes of all foraminiferal species as well as total particulate and diatom 
fluxes (Fischer and Wefer, 1995; Romero et al., 1999). 
2.5.2 Variations in assemblage compositions 
Throughout the sampling period, planktic foraminiferal assemblages in the eastern 
equatorial Atlantic were dominated by the tropical spinose species G. ruber (white and 
pink) and G. sacculifer along with non-spinose G. glutinata. Variations in fluxes and relative 
abundances of these and other species respond to changes in upper-ocean hydrography, 
which are induced by the seasonal migrations of the ITCZ and variations in trade wind 
intensity (e. g. Peterson and Stramma, 1991). 
G. ruber and G. sacculifer are mixed-layer species spending most of their lifetime in the 
uppermost 25 to 50 m of the water column (e. g. Jones, 1967; Hemleben et al., 1989; Ravelo 
et al., 1990; Kemle-von Mücke and Oberhänsli, 1999). They have been suggested to benefit 
from symbiont photosynthesis and are well-known to thrive in a warm, stratified, 
nutrient-poor environment (e. g. Ortiz et al., 1995; Watkins et al., 1996). Such conditions 
are met in the study area in the "typical tropical situation" of the warm season (Voituriez 
and Herbland, 1977, 1981). Consequently, fluxes of these species are high in fall across the 
study area with peak relative abundances of G. sacculifer occurring at the northernmost 
trap site at the beginning of the sampling period, when the ITCZ had its southernmost 
position (Figs. 2.5 and 2.6). Fluxes show a distinct decrease along most of the transect in 
winter in association with strongest equatorial upwelling and enhanced surface water 
cooling (Fig. 2.6). Relative abundances reach a distinct minimum at the equator in August. 
Only at site EA1, which is influenced by the warm NECC in winter, fluxes of G. ruber and 
G. sacculifer peak in that season (Fig. 2.5). As sea surface temperatures across the entire 
N-S transect always remain above 22°C and hence are still optimal for tropical species 
(e. g. Bé and Tolderlund, 1971; Bijma et al., 1990b; Hilbrecht, 1996; Žarić et al., 2005), we 
suppose that SST is not the decisive factor controlling their fluxes. We suggest, that rather 
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a combination of strong surface water divergence and low light levels due to high primary 
production hamper tropical symbiont-bearing species during the winter season. Various 
authors have shown earlier, that the turbidity of surface waters can have a significant 
influence on foraminiferal species hosting symbionts (e. g. Ortiz et al., 1995; Watkins et al., 
1996). 
According to Kemle-von Mücke and Hemleben (1999), G. glutinata, also a shallow-
dwelling species (e. g. Ravelo et al., 1990; Kemle-von Mücke and Oberhänsli, 1999), seems 
to reach highest abundances where nutrients are brought into the mixed layer. N. dutertrei 
is associated with thermocline water of the EUC and exploits primary production at the 
deep chlorophyll maximum (e. g. Jones, 1967; Fairbanks and Wiebe, 1980; Fairbanks et al., 
1982; Hemleben et al., 1989; Ravelo et al., 1990; Kemle-von Mücke and Oberhänsli, 1999). 
Both species show highest fluxes in fall at the southern sampling positions (Figs. 2.5 and 
2.6), where a deep chlorophyll maximum is located at a thermal ridge at only 20-30 m 
water depth in summer. At the northern sites, fluxes are highest during winter upwelling. 
G. bulloides is regarded as characteristic of cool, well-mixed, nutrient-rich waters and is 
indicative of upwelling conditions (e. g. Hemleben et al., 1989; Sautter and Thunell, 1991; 
Guptha and Mohan, 1996). Though being only a minor contributor to the tropical 
foraminiferal assemblage, fluxes and relative abundances of G. bulloides can clearly be 
related to upper-ocean hydrography. Fluxes are highest at station EA4 south of the equa-
tor (2°S) in early fall associated with the thermal ridge, and high at the equator in winter 
and north of it in late winter (Figs. 2.5 and 2.6). Relative abundances yield peak values of 
> 20 % directly at the equator at the height of the winter upwelling (Aug). Reduced fluxes 
and relative abundances of G. bulloides at site EA4 in winter as compared to EA3 suggest, 
that only trap site EA3 caught material from the center of the upwelling, which would be 
in concordance with the assumed lateral advection from the southeast. 
Abundances of G. crassaformis have been reported to be negatively correlated to oxygen 
content, abundances reaching highest values in the oxygen minimum zone at 100-300 m 
water depth in the equatorial Atlantic (Jones, 1967; Kemle-von Mücke and Oberhänsli, 
1999). In the tropical ocean, strong oxygen minimum zones generally develop, where the 
thermocline is shallow (Wefer et al., 1996a). Thus the presence of this species at sites EA4 
and EA3 corresponds to a shallow thermocline and increased primary production associ-
ated with the thermal ridge at 2°S in fall and the equatorial divergence in winter, respec-
tively. G. scitula is a deep-living species being found at 100-300 m water depth as well 
(Kemle-von Mücke and Oberhänsli, 1999). In agreement with its association with poorly 
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stratified/enhanced productivity settings (Rogerson et al., 2004), G. scitula reaches maxi-
mum fluxes and relative abundances during strongest upwelling in austral winter. As 
G. crassaformis and G. scitula live below the EUC, these species are more likely to be recir-
culated equatorwards at depth than being advected away from the equator with the 
divergent flow at the surface (Hastenrath and Merle, 1987). 
2.5.3 Lunar reproductive cycles 
Absolute fluxes of many of the observed planktic foraminiferal species show a strongly 
pulsed pattern (Fig. 2.5) which might be linked to the synodic lunar cycle for several 
species. Increased fluxes were observed mainly at or around full moon e. g. for G. ruber 
(white and pink) and G. sacculifer. An exception is the southernmost trap site (EA5), where 
fluxes peak around new moon (see discussion below). 
Analyzing foraminiferal reproduction in laboratory cultures, Spindler et al. (1979) were 
the first to document that the reproductive strategy in the spinose planktic foraminifer 
Hastigerina pelagica is coupled to the lunar cycle. Based on time-series plankton samples, 
lunar and semi-lunar periodicities in reproduction were later reported for other spinose 
foraminifera as well, namely G. sacculifer, G. ruber, Globigerinella siphonifera, Orbulina 
universa, G. bulloides and Turborotalita quinqueloba (Almogi-Labin, 1984; Hemleben et al., 
1989; Bijma et al., 1990a; Erez et al., 1991; Bijma and Hemleben, 1994; Schiebel et al., 1997; 
Volkmann, 2000). Moreover, lunar cyclicity does not seem to be restricted to spinose 
foraminiferal species. Non-spinose G. glutinata and Neogloboquadrina pachyderma (sinistral) 
have also been observed to reproduce around the full moon (Schiebel et al., 1995; Volk-
mann, 2000). The same reproduction frequency has been assumed for other species of the 
aforementioned groups (Hemleben et al., 1989; Schiebel and Hemleben, 2005). By synchro-
nizing their reproduction in time and space (descending to a specific depth), planktic 
foraminifera enhance the probability of gamete fusion in the open ocean and the chance 
for survival of the offspring concerning diet and predators (Bijma et al., 1990a; Erez et al., 
1991; Schiebel and Hemleben, 2005). 
Since the release of gametes during reproduction ends the life of planktic foraminifera, 
the pattern of empty-shell flux towards the seafloor may oscillate on a lunar basis due to 
synchronized reproduction, as was shown for G. sacculifer in a shell-flux model by Bijma 
et al. (1994). Because large, mature specimens sink very fast (~ 1000 m day-1; Takahashi 
and Bé, 1984), especially due to losing their spines and adding a calcite crust prior to 
gametogenesis (Erez et al., 1991), they can arrive even at deep traps within days. Our 
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depth transect at site EA3 actually shows, that in the equatorial Atlantic, planktic 
foraminiferal tests settle to the deeper ocean generally without any significant temporal 
offset (Fig. 2.7), which has been reported in the North Atlantic as well (Honjo and 
Manganini, 1993). 
Though the sampling resolution of our study (11.5-day intervals) is not sufficient to 
detect semi-lunar cycling, a potential lunar cycle should be visible as peaks reoccurring 
approximately every 2-3 sampling intervals. This was in fact the case along the entire 
transect (except EA5, see below) for several foraminiferal species including G. ruber 
(white), for which a semi-lunar reproductive strategy has been supposed earlier by Bijma 
et al. (1990a). Hence, our trap record corroborates their findings that reproduction of this 
species at full moon exceeds its reproduction at new moon. In an open ocean sediment-
trap time-series of the western equatorial Pacific warm pool, Kawahata et al. (2002) also 
observed flux maxima corresponding to the full moon in four spinose species. We found a 
rather regularly pulsed flux pattern synchronized to the moon phases for non-spinose 
G. menardii as well (Fig. 2.5d), which has recently also been reported from observations by 
Schiebel and Hemleben (2005). What is particularly remarkable, is that the pulsating flux 
pattern of foraminiferal species can be traced all the way down to the deepest trap at 
3580 m water depth at site EA3 (Fig. 2.7). This supports results by Kawahata et al. (2002), 
who concluded that lunar forcing in planktic foraminiferal reproduction seems to be 
significant for carbonate production and deep ocean sedimentation in the equatorial ocean. 
In contrast, while analyzing high-resolution sediment-trap samples from the central 
Walvis Ridge, Lončarić et al. (2005) recently did not find any lunar periodicity in deposi-
tion fluxes or size distributions of the foraminiferal species found, except for H. pelagica. 
Differences in the hydrographic regimes of the study areas may hold an explanation for 
these contrasting observations. Sea surface temperatures at the Walvis Ridge ranged from 
17-23°C (Lončarić et al., 2005) as opposed to > 22°C reached in the eastern equatorial 
Atlantic, the western Pacific warm pool (studied by Kawahata et al., 2002) and the Red Sea 
(studied by Bijma et al., 1990b, Erez et al., 1991, and Bijma and Hemleben, 1994). Conse-
quently, warm tropical species like G. ruber and G. sacculifer at the Walvis Ridge did not 
encounter their specific optimum temperature conditions most of the time (e. g. Bé and 
Tolderlund, 1971; Bijma et al., 1990b; Hilbrecht, 1996; Žarić et al., 2005). Hence, though 
certainly not being limiting for tropical foraminiferal species, lower SSTs might have 
suppressed their fluxes, and possible lunar reproductive cycling might be masked or even 
completely prevented by the enhanced environmental stress inducing an overall non-lunar 
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seasonality of planktic foraminiferal fluxes (Lončarić et al., 2005; Žarić et al., 2005). Devia-
tions from the lunar reproductive pattern may have several other reasons: Foraminiferal 
life cycles may be shortened during periods of enhanced food supply that allow for rapid 
growth and early maturation (e. g. Hemleben et al., 1989; Sautter and Thunell, 1991; 
Schiebel et al., 1995). Furthermore, not all individuals follow synchronized reproduction, 
as demonstrated by the omnipresence of many juveniles throughout the lunar cycle (Bijma 
et al., 1990a). Finally, foraminiferal populations often show a patchy distribution in surface 
waters (e. g. Boltovskoy, 1971; Bé and Hutson, 1977), which obscures any flux pattern. 
Compared to the other sites, flux patterns at station EA5 were distinctly different in 
terms of the timing of flux pulses. Whereas we observed peak fluxes around full moon at 
sites EA1-4, fluxes at EA5 seem to peak around new moon (Fig. 2.5). Because the 
foraminifera must have originally reproduced at the same time, this indicates that particles 
at site EA5 spent a longer time in the water column prior to settling into the trap, possibly 
being laterally advected over a greater distance (Siegel and Deuser, 1997). Müller and 
Fischer (2003) suggested transport from the west by the South Equatorial Undercurrent to 
explain discrepancies between SST and alkenone-derived temperatures at a trap site 1.5° 
south of EA5. This strong countercurrent, typically located between 3-5°S at a depth of 
150-200 m (directly above our trap EA5), reaches maximum velocities of 30-60 cm s-1 
(Peterson and Stramma, 1991), and might have influenced downward fluxes at site EA5 as 
well. 
2.6 Summary and Conclusions 
1) Sediment trap investigations along a N-S transect across the equatorial upwelling 
region of the eastern Atlantic revealed that distinct temporal and spatial variations in 
planktic foraminiferal fluxes and assemblage compositions reflect not only the specific 
regional and seasonal differences in temperature, food supply and light conditions in 
surface waters but also influences of different current regimes, which are related to 
seasonal migrations of the ITCZ and variations in trade wind intensity. 
2) Corresponding in time with maximum equatorial divergence and surface water cooling 
in austral winter, total foraminiferal fluxes were highest north of the equator, where 
foraminifera concentrated at a strong convergent front between the North Equatorial 
Countercurrent and the South Equatorial Current. In the center of the upwelling, at the 
equator and south of it, foraminiferal fluxes were significantly reduced mainly due to 
diminishing fluxes of tropical, light-dependent species G. ruber and G. sacculifer, which 
2 Planktic foraminiferal variations in the eastern equatorial Atlantic 
 44
prefer oligotrophic, stratified conditions and dominate the fauna during the typical 
tropical situation of the warm season. Food-related species like G. bulloides or 
N. dutertrei reach highest fluxes and relative abundances in fall at the southern stations 
corresponding to a deep chlorophyll maximum at a thermal ridge centered between 
2-3°S. Stations EA2 and EA3 showed peak values for these species during winter 
upwelling in concordance with enhanced primary production. 
3) Flux patterns of many foraminiferal species are strongly pulsed and might reflect 
population oscillations based on a synodic lunar cycle, where reproduction takes place 
around the full moon. As planktic foraminifera in the eastern equatorial Atlantic settle 
to great depth within days, synchronized empty-shell output can be traced into the 
deep ocean and may play a significant role for carbonate sedimentation in the equato-
rial Atlantic. Hence, it would be useful to take into account foraminiferal life cycles 
prior to trap deployment and to time sampling intervals of future sediment traps in 
dependence on the moon phases. 
4) Fluxes at the southernmost station (EA5) are delayed by approximately two weeks and 
seem to be significantly affected by lateral transport. 
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Chapter 3 
Sensitivity of planktic foraminifera to sea surface temperature 
and export production as derived from sediment trap data 
Snježana Žarić, Barbara Donner, Gerhard Fischer, Stefan Mulitza, Gerold Wefer 
DFG Research Center Ocean Margins, University of Bremen, P. O. Box 330440, 28334 Bremen, Germany 
Marine Micropaleontology 55 (2005) 75-105 
Abstract 
Planktic foraminiferal flux data from time-series sediment trap observations have been compiled 
from 42 sites across the world´s oceans, comprising a variety of oceanographic settings. To analyze 
species sensitivity to environmental parameters, distributional and optimum ranges are derived by 
relating fluxes and relative abundances of the following seven species to sea surface temperature 
(SST) and export production normalized to 1000 m water depth: Globigerinoides ruber (white and 
pink), G. sacculifer, Globigerinella siphonifera, Globigerina bulloides and Neogloboquadrina pachyderma 
(dextral and sinistral coiling varieties). 
Of the warm-water species, G. ruber (white) and G. sacculifer exhibit the widest SST tolerance 
range (9.7/9.8-31°C), followed by G. siphonifera (11.9-31°C), while G. ruber (pink) shows the 
narrowest SST range (16.4-29.6°C). G. bulloides and N. pachyderma (dex.) cover almost the whole SST 
range, N. pachyderma (dex.) exhibiting a clear preference for mid-temperatures, while the 
distribution pattern of G. bulloides is polymodal due to different genetic types comprised in this 
morphologically defined category. The polar-subpolar species N. pachyderma (sin.) is absent at SSTs 
above 23.7°C. The change in dominance of right- over left-coiled N. pachyderma is observed at 9°C. 
Derived optimum ranges for all species are in good agreement with previous plankton tow and 
laboratory studies, while lower temperature limits for G. ruber (white) and G. sacculifer might be 
several degrees lower than previously reported. With the exception of the morphospecies 
G. bulloides, SST has a significant effect on all investigated species. However, it seems to be a 
governing factor for species fluxes only at the edges of the thermal tolerance range. 
The influence of export production on planktic foraminiferal fluxes and relative abundances is 
not as pronounced. Highest relative abundances of the symbiont-bearing and thus light-dependent 
species G. ruber, G. sacculifer and G. siphonifera are restricted to oligotrophic and mesotrophic 
conditions, even though high fluxes can be observed at high export productions as well. In contrast, 
the asymbiotic species G. bulloides and N. pachyderma (dex.), depending more on food, reach high 
fluxes and relative abundances even at very high rates of export production, where they can easily 
outnumber the symbiotic species. Within the joint space of both SST and export production, 
N. pachyderma (sin.) yielded high fluxes and relative abundances coinciding mostly with medium to 
high export productivities. 
Keywords: planktic foraminifera; sediment trap; assemblage flux; sea surface temperature; export 
production 
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3.1 Introduction 
Planktic foraminifera belong to the most important micro-organisms used for 
paleoceanographic reconstructions. Not only their isotopic or trace element ratios but also 
the assemblage composition bears witness to changes in surface water hydrography (e. g. 
summarized in Wefer et al., 1999). Murray (1897) was among the first to draw attention to 
the fact that many foraminiferal species are distributed along latitudinal zones which are 
related to sea surface temperature. Productivity, providing the food supply, is another 
factor often being linked to foraminiferal fluxes (e. g. Bé and Hutson, 1977; Ortiz et al., 
1995; Watkins et al., 1996; Eguchi et al., 1999; Morey et al., 2005), as is the thermal structure 
of the water column (e. g. Ravelo et al., 1990; Watkins and Mix, 1998; Schiebel et al., 2001; 
King and Howard, 2003a). Over the past decades the close relationship between 
abundance patterns and environmental conditions gave rise to numerous studies dealing 
with its applicability to the geological past (e. g. Imbrie and Kipp, 1971; CLIMAP Project 
Members, 1976, 1981; Hutson, 1980; Mix, 1989a,b; Ortiz and Mix, 1997; Watkins and Mix, 
1998; Wefer et al., 1999 and references therein). 
An essential prerequisite for such paleoreconstructions is the knowledge about species 
ecology and the factors that govern their flux to the seafloor. Many investigations have 
been carried out to study foraminiferal species ecology in the field by use of plankton tows 
(e. g. Bé and Hamlin, 1967; Bé and Tolderlund, 1971; Tolderlund and Bé, 1971; Bé and 
Hutson, 1977; Boltovskoy et al., 1996; Schiebel and Hemleben, 2000). Supplemented by 
research on laboratory cultures (e. g. Bé et al., 1977; Bijma et al., 1990a), our knowledge 
about the regional distribution, the depth habitat as well as growth, development and shell 
morphology of different species has substantially improved (e. g. summarized in 
Hemleben et al., 1989). Moreover, extensive coretop-databases on foraminiferal 
assemblages have been correlated to modern surface hydrography (e. g. Pflaumann et al., 
1996; Trend-Staid and Prell, 2002; Sarnthein et al., 2003 and references therein). However, 
no method is free from disadvantages: Samples from plankton nets usually represent just 
"a sequence of snapshots which accounts for an insignificant proportion of the total time at 
which seasonal and interannual variability operate" (Boltovskoy et al., 1996). On the other 
hand, laboratory cultures are maintained under artificially controlled conditions. Thus it 
can be complicated to apply these results to the real world "where suites of variables may 
produce synergistic effects and conditions encountered by the organism change on a 
variety of timescales" (Ortiz et al., 1995). In turn, when relating foraminiferal abundances 
from surface sediments to surface water hydrography, the seasonal overprint has to be 
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considered, as the record preserved in the sediment reflects the integration of a changing 
flux pattern or may be even biased towards only a short high-flux period of the year 
(Thunell and Honjo, 1987; Deuser and Ross, 1989; Wefer, 1989; King and Howard, 2001). In 
addition, the fossil foraminiferal assemblage may be altered by selective dissolution 
(Berger, 1968; Thunell and Honjo, 1981; Le and Thunell, 1996; Dittert and Henrich, 2000), 
by displacement through subsurface currents or by bioturbation processes (Bé, 1977; Bé 
and Hutson, 1977; Boltovskoy, 1994). 
Sediment traps have proven to be very useful for investigating seasonal as well as 
interannual differences in particle flux (e. g. Deuser, 1986; Fischer and Wefer, 1996; Kincaid 
et al., 2000). Compared to surface sediments, which reflect the total flux over several years, 
decades or several hundred years, sediment traps show a high temporal resolution and 
record the flux continuously over months and years thus resolving seasonality. Due to the 
relatively large size and weight of planktic foraminifera, they reach the traps within days 
to weeks (Takahashi and Bé, 1984) and consequently lateral displacement as well as 
dissolution is mostly not significant. The fluxes can therefore be directly related to modern 
hydrography of surface waters. Thus sediment traps represent a useful link between 
processes in the upper water column affecting the living population of foraminifera and 
their fossil counterparts preserved in the sedimentary record. 
In recent decades, fluxes of planktic foraminifera have been investigated in various 
regions of the world ocean and their seasonal succession has been explained by changes in 
hydrographic conditions of the upper water column as well as phytoplankton productivity 
(see Table 3.1 and references therein).  
In this work, we present the first global compilation of foraminiferal flux and relative 
abundance data derived from sediment traps. By compiling a high number of individual 
samples, this allows a detection of foraminiferal sensitivity to environmental conditions. 
We relate species fluxes to sea surface temperature (SST) as the expected predominant 
flux-governing factor (Morey et al., 2005) and the most important parameter in 
paleoceanography. As a second variable we have chosen export production, because the 
organic carbon flux is the primary biological component accessible from traps that should 
provide an indication of the productivity of surface waters and hence the food supply for 
planktic foraminifera. Here we focus on some of the most commonly used species in 
paleoceanography which have often been considered to be sensitive to either sea surface 
temperature or phytoplankton productivity (e. g. Bé and Tolderlund, 1971; Sautter and 
Thunell, 1991). We report on the results for Globigerinoides ruber (both white and pink 
3 Foraminiferal sensitivity from sediment traps 
 58
 
Ta
bl
e 
3.
1
Lo
ca
tio
ns
, t
ra
p 
an
d 
w
at
er
 d
ep
th
s,
 s
am
pl
in
g 
du
ra
tio
ns
, s
ie
ve
 s
iz
e 
an
d 
da
ta
 s
ou
rc
es
 o
f t
he
 p
la
nk
tic
 fo
ra
m
in
ife
ra
l f
au
na
s 
us
ed
 in
 th
is
 s
tu
dy
M
ap
Sa
m
pl
in
g
Si
ev
e
In
de
x
Tr
ap
 L
oc
at
io
n
La
tit
ud
e
Lo
ng
itu
de
Tr
ap
 D
ep
th
s
W
at
er
 D
ep
th
D
ur
at
io
n
Si
ze
Re
fe
re
nc
es
[°
N
]
[°
E]
[m
]
[m
]
[m
on
th
s]
[µ
m
]
1
O
ce
an
 S
ta
tio
n 
Pa
pa
1-
4,
6-
8
50
.0
0
-1
45
.0
0
38
00
42
40
35
> 
12
5
Re
yn
ol
ds
 a
nd
 T
hu
ne
ll 
(1
98
5,
 1
98
6)
;
Sa
ut
te
r a
nd
 T
hu
ne
ll 
(1
98
9)
; W
on
g 
et
 a
l. 
(1
99
9)
2
C
al
ifo
rn
ia
 C
ur
re
nt
N
S
42
.0
9
-1
25
.7
7
10
00
28
29
12
> 
15
0c
M
W
42
.1
9
-1
27
.5
8
10
00
28
30
11
.5
> 
15
0c
G
41
.5
4
-1
32
.0
2
10
00
36
64
12
> 
15
0c
3
Sa
n 
Pe
dr
o 
Ba
si
n
33
.5
5
-1
18
.5
0
50
0
88
0
6.
5
> 
12
5
Sa
ut
te
r a
nd
 T
hu
ne
ll 
(1
99
1)
; S
au
tte
r a
nd
 S
an
ce
tta
 (1
99
2)
;
Th
un
el
l a
nd
 S
au
tte
r (
19
92
)
4
Pe
ru
-C
hi
le
 C
ur
re
nt
a
-3
0.
01
-7
3.
18
23
18
43
45
11
> 
15
0
M
ar
ch
an
t e
t a
l. 
(1
99
8)
; H
eb
be
ln
 e
t a
l. 
(2
00
0)
5
Sa
rg
as
so
 S
ea
32
.0
8
-6
4.
25
32
00
42
00
62
> 
12
5
D
eu
se
r e
t a
l. 
(1
98
1)
; D
eu
se
r (
19
87
); 
D
eu
se
r a
nd
 R
os
s (
19
89
)
6
C
an
ar
y 
Is
la
nd
s
LP
29
.7
6
-1
7.
95
90
0
43
27
8
> 
12
5
Fr
eu
de
nt
ha
l e
t a
l. 
(2
00
1)
; A
br
an
te
s e
t a
l. 
(2
00
2)
;
C
I
29
.1
8
-1
5.
45
50
0;
 7
50
36
10
9
> 
12
5
W
ilk
e 
et
 a
l. 
(s
ub
m
.)
EB
C
28
.7
1
-1
3.
16
70
0
99
6
9
> 
12
5
7
C
ap
e 
Bl
an
c
1
20
.7
6
-1
9.
74
21
95
36
46
11
.5
> 
15
0
Fi
sc
he
r a
nd
 W
ef
er
 (1
99
6)
; F
is
ch
er
 e
t a
l. 
(1
99
6)
2-
5a
21
.1
5
-2
0.
68
73
2;
 3
55
2
41
03
19
.5
; 3
3
> 
15
0
an
d 
th
is
 st
ud
y
8
W
 E
qu
at
or
ia
l A
tla
nt
ic
1
-4
.0
0
-2
5.
57
65
2;
 1
23
2;
 4
99
1
55
30
5
> 
15
0
Fi
sc
he
r a
nd
 W
ef
er
 (1
99
6)
,
2-
3a
-7
.5
2
-2
8.
04
63
1;
 5
03
1
55
70
21
.5
; 1
6.
5
> 
15
0
Fi
sc
he
r (
un
pu
bl
. d
at
a)
 a
nd
 th
is
 st
ud
y
9
W
 A
tla
nt
ic
W
A
Ba
-1
1.
57
-2
8.
53
71
9;
 4
51
5
54
72
33
; 1
5
> 
15
0
Fi
sc
he
r (
un
pu
bl
. d
at
a)
 a
nd
 th
is
 st
ud
y
10
E 
Eq
ua
to
ri
al
 A
tla
nt
ic
1
3.
17
-1
1.
25
98
4
45
24
7.
5
> 
15
0
2
1.
78
-1
1.
25
95
3
43
99
7.
5
> 
15
0
Fi
sc
he
r a
nd
 W
ef
er
 (1
99
6)
,
3
0.
08
-1
0.
77
10
97
41
41
7.
5
> 
15
0
an
d 
th
is
 st
ud
y
4
-2
.1
9
-1
0.
09
10
68
39
06
7.
5
> 
15
0
11
W
al
vi
s R
id
ge
2-
3
-2
0.
05
9.
16
59
9;
 1
64
8
22
02
12
; 1
7
> 
15
0
4
-2
0.
13
8.
96
17
17
22
63
8
> 
15
0
12
W
al
vi
s B
ay
-2
3.
03
12
.4
4
96
8
18
03
6
> 
15
0
th
is
 st
ud
y
13
Be
ng
ue
la
 U
pw
el
lin
g
-2
3.
00
12
.9
8
54
5
59
5
4
> 
12
5
G
ir
au
de
au
 e
t a
l. 
(2
00
0)
14
W
ed
de
ll 
Se
a
1
-6
2.
44
-3
4.
76
86
3
38
80
14
> 
12
5
2-
4a
-6
4.
91
-2
.5
5
35
6;
 4
45
6
50
32
24
.5
; 1
0
> 
12
5
15
A
ra
bi
an
 S
ea
W
A
ST
a
16
.3
3
60
.4
9
10
28
; 3
02
6
40
16
11
; 1
6
> 
15
0c
C
A
ST
a
14
.4
9
64
.7
6
73
3;
 2
90
9
39
01
15
.5
> 
15
0c
C
ur
ry
 e
t a
l. 
(1
99
2)
; G
up
th
a 
an
d 
M
oh
an
 (1
99
6)
;
EA
ST
a
15
.4
8
68
.7
4
14
01
; 2
77
5
37
74
10
; 1
6
> 
15
0c
H
aa
ke
 e
t a
l. 
(1
99
3)
SA
ST
b
13
.1
3
67
.1
2
16
54
40
75
8
> 
12
5
M
ap
 In
de
x 
re
fe
rs
 to
 n
um
be
rs
 in
 F
ig
. 3
.1
. 
a  P
os
iti
on
 a
nd
 d
ep
th
s a
ve
ra
ge
d 
ov
er
 m
or
e 
th
an
 o
ne
 c
ol
le
ct
io
n 
pe
ri
od
.
b  F
lu
x 
da
ta
 a
va
ila
bl
e 
fo
r G
. b
ul
lo
id
es
 o
nl
y.
c  F
or
am
in
ife
ra
l f
lu
x 
da
ta
 a
ls
o 
av
ai
la
bl
e 
fo
r 1
25
-1
50
 µ
m
 fr
ac
tio
n.
D
on
ne
r a
nd
 W
ef
er
 (1
99
4)
Fi
sc
he
r a
nd
 W
ef
er
 (1
99
6)
 a
nd
 th
is
 st
ud
y
O
rt
iz
 a
nd
 M
ix
 (1
99
2)
; L
yl
e 
et
 a
l. 
(1
99
2)
3 Foraminiferal sensitivity from sediment traps 
 59
 
varieties), G. sacculifer, Globigerina bul-
loides and Neogloboquadrina pachyderma 
(dextral and sinistral coiling varieties). 
Additionally we have chosen to present 
data on Globigerinella siphonifera, because 
our analysis revealed a remarkably good 
response of this species to both envi-
ronmental parameters. As the investi-
gated species inhabit mainly shallow to 
intermediate water depths (Bé, 1977), 
they are most likely to react to changes 
in surface water conditions. 
Our study shows that fluxes and 
relative abundances of most of the in-
vestigated species are strongly affected 
by sea surface temperature rather than 
export production, but that within their 
optimal thermal ranges, a variety of 
other factors can control foraminiferal 
shell production.  
3.2 Data sources and methods 
3.2.1 Foraminiferal flux data 
Planktic foraminiferal flux data have 
been compiled from 42 sites across the 
world´s oceans, where time-series sedi-
ment trap studies were conducted over 
the past 25 years (Fig. 3.1, Table 3.1; a 
total of 1514 samples). Sampling loca-
tions cover latitudes from 50°N to 65°S 
and include tropical/subtropical and 
transitional as well as subpolar/polar 
environments. Moreover, the trap posi-T
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tions comprise a variety of oceanographic settings (for references, see Table 3.1), reaching 
from equatorial upwelling regions in the Atlantic, monsoon-influenced sites in the Indian 
Ocean and coastal upwelling areas within Eastern Boundary Currents off the coasts of NW 
and SW Africa, Chile and the western United States, to open ocean sites as in the Sargasso 
Sea, the Weddell Sea and at Ocean Station Papa as well as locations at subtropical and 
subpolar gyres/fronts in the western Pacific and Southern Ocean. 
Sampling devices included conical traps of different types with apertures between 0.5 
and 1.5 m² and were deployed on moorings in depths ranging between 300 and 5031 m. 
The height of the trap above the seafloor was set to at least 230 m – in many of the cases 
even much more than this – thus lowering the influence of resuspension. An exception is 
the study by Giraudeau et al. (2000) where the distance to the bottom was only 50 m. 
Nevertheless, these data are included in our compilation, as the authors considered the 
adult foraminiferal fraction > 125 µm being freshly produced in the surface layers and 
vertically advected to the trap position. The lengths of the sampling intervals varied from 
several days up to 2 months, the complete sampling duration at one location spanning 
over time periods of 4 months in the Northern Benguela coastal upwelling system up to 62 
months in the Sargasso Sea. Sample preparation differed, for example, in addition of 
preservatives/poisons or splitting and analytical methods, details of which can be found 
in the references listed in Table 3.1. A detailed description of methodology used to 
produce our previously unpublished data sets from several Atlantic sites can be found in 
Fischer and Wefer (1991) and Donner and Wefer (1994). 
Fig. 3.1: Locations of the sediment trap stations from which data are used in this study. Data from 
positions 7-12 ( ) comprise our previously unpublished data on planktic foraminiferal fluxes. Data 
from other positions ( ) are taken from the literature. For details and references see Table 3.1. 
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For all traps used in this study, foraminiferal species fluxes were determined for 
fractions > 150 or > 125 µm. The > 150 µm fraction is usually also applied for faunal counts 
in surface sediments that are used for paleoceanographical reconstructions (e. g. 
Pflaumann et al., 1996; Trend-Staid and Prell, 2002). If shells were counted in more than 
one size class, counts were summed up to match the above mentioned fractions. 
88 samples did not contain any foraminiferal shells in the analyzed size fraction. These 
samples are therefore not considered in the further investigation. From the shallow trap at 
Chatham Rise (King and Howard, 2001) only the intervals prior to mid-October 1996 were 
considered as the authors supposed under-collection by the trap for the latter half of the 
collection period due to blockage of the trap cone. The data of 9 trap cups from the 
Arabian Sea and Bay of Bengal were not considered in our investigation, as the sampling 
intervals were not consistent within the cited references (Curry et al., 1992; Haake et al., 
1993; Guptha et al., 1997; Unger et al., 2003). The compiled data set presented here is 
available electronically via the Pangaea database (www.pangaea.de/PangaVista). 
To clarify differences in nomenclature used by the various authors, we apply the 
following terms after Hemleben et al. (1989): G. sacculifer instead of G. quadrilobatus, 
G. siphonifera instead of G. aequilateralis, N. pachyderma (dex.) instead of N. incompta. Owing 
to the fact that only a few workers recognized the "Neogloboquadrina pachyderma-dutertrei 
(PD) intergrade" of Kipp (1976) we include it into the N. dutertrei category as suggested by 
Ortiz and Mix (1997). Furthermore, fluxes of G. ruber are specified as G. ruber (white) 
fluxes for Pacific and Indian Ocean trap sites, since the pink variety became extinct in the 
Indo-Pacific at 120,000 yr BP (Thompson et al., 1979). 
3.2.2 Sea surface temperature and export production data 
Actual weekly SST data were obtained from the Integrated Global Ocean Services 
System Products Bulletin (IGOSS) nmc database available electronically via the IRI/LDEO 
Climate Data Library (URL: http://iridl.ldeo.columbia.edu/SOURCES/.IGOSS/.nmc/). 
The SST fields are blended from ship, buoy and bias-corrected satellite data (Reynolds and 
Smith, 1994) and have a grid of 1° (weekly SSTs available since November 1981). For the 
early Sargasso Sea samples (18 cups from April 1978 to December 1981) we used the 
monthly temperature estimates compiled in the LEVITUS World Ocean Atlas (same grid) 
(Levitus and Boyer, 1994; URL: http://iridl.ldeo.columbia.edu/SOURCES/.LEVITUS94/). 
To estimate the mean SST relevant for the recorded foraminiferal fluxes, the data sets from 
the grid-points closest to each sediment trap position were used (see chapter 3.2.3). 
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In order to assess export production, which is the amount of organic carbon leaving the 
euphotic zone to depth, the fluxes of particulate organic carbon measured from the 
collected material of the same traps were assorted. For 259 individual cup samples of 
several traps Corg data were not available. This was the case mainly in the San Pedro Basin, 
at Walvis Bay, at the shallow stations in the Arabian Sea and for the second deployment 
year in the Subantarctic Zone. The organic carbon fluxes given by Giraudeau et al. (2000) 
were not considered, as the authors proposed that the bulk of the organic matter sampled 
was not fresh material originating from the surface layers above the trapping device but 
was resuspended from the outer shelf. For some sites the organic carbon fluxes were 
calculated as the organic matter fluxes divided by 1.8 (Müller et al., 1986) or by subtracting 
carbonate carbon from total carbon. 
As the traps were deployed at different depths, organic carbon fluxes were normalized 
to a depth of 1000 m to account for remineralization for the time of descent through the 
water column. We used the equation published by Martin et al. (1987): 
F1000 = Ftrap / (ztrap/1000)b, 
where F1000 is the flux in 1000 m depth, Ftrap the trap flux and ztrap the trap depth. The depth 
dependence of fluxes is expressed by the exponent b, which is a dimensionless negative 
constant. Martin et al. (1987) used a value of -0.858 to describe an open ocean environment, 
but the global applicability of this equation is currently being questioned (e. g. Armstrong 
et al., 2002; Francois et al., 2002; Lutz et al., 2002; Schlitzer, 2002). Hence, we adjusted the 
exponent b as given in Francois et al. (2002): 
b = ln ((2.71 × 10-3 FCarb) + (55.7/2000) + (1.49 × 10-3 SST) – 0.029) / ln (2000/100), 
FCarb being the carbonate flux [g m-2 yr-1], which seems to be the governing factor for the 
transfer of organic carbon from the base of the euphotic zone to depth (Francois et al., 
2002). Where no carbonate flux data were available, we made an estimate of b according to 
regions with comparable hydrography. We would like to remark, that normalizing organic 
carbon fluxes to a depth of 1000 m using constant exponents b for every trap site is an 
approximation, since the exponent b should certainly vary on shorter timescales due to 
seasonally changing productivity patterns. However, to our knowledge there are no 
algorithms so far on organic carbon transfer efficiencies based on shorter than annual 
timescales. 
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3.2.3 Determining species sensitivity 
To derive species sensitivity to SST and export production, foraminiferal fluxes 
[ind. m-2 d-1] and relative abundances [%] in all the sampling cups were related directly to 
SST and the organic carbon flux in 1000 m water depth (EP1000). Thereby we applied a 
temporal lag between sea surface temperatures on the one hand and foraminiferal fluxes 
on the other hand to account for foraminiferal life cycles as well as settling time through 
the water column. A two-week adjustment was used to better simulate the timing of 
foraminiferal production in surface waters (Sautter and Thunell, 1991). Analyzing sinking 
speeds of planktonic foraminifera Takahashi and Bé (1984) showed, that the bulk of the 
shells larger than 150 µm arrive at a mean ocean depth of 3800 m within 3-12 days, which 
translates into sinking velocities of 500 m per day on an average. This necessitates an 
additional one-week correction for traps deeper than 1750 m water depth. To estimate the 
mean SST for every trap assemblage all SST data that fell into one collection interval 
(including time-lag of 2-3 weeks as described) were averaged. 
To determine occurrence and optimum ranges for each species only those samples 
yielding fluxes of the species under consideration were examined. Here, an optimum 
temperature range is defined as the SST range covered by those 10 % of the samples, that 
yielded the highest fluxes or relative abundances of the respective species. At the same 
time outliers were disregarded, that showed anomalously high fluxes within their 
temperature step and were separated from the main ´top-ten SST-range´ by more than 1°C. 
Optimum export production ranges were similarly derived for the relative abundances of 
the species. 
Fluxes and abundances showed a great variance within each temperature and export 
production step (values from zero up to the respective maximum value). To gain a clearer 
picture of species sensitivity to SST and EP1000, median flux and relative abundance values 
were calculated for steps of 2°C and 2 mg Corg m-2 d-1 (only up to 20 mg Corg m-2 d-1), 
respectively. However, median values are much lower due to the fact that at any 
SST/EP1000 only a few samples showed high fluxes while the vast majority yielded fluxes 
much lower than that. Because median plots basically confirm the ranges as defined by 
our criteria, they are shown for G. siphonifera only. 
Median fluxes and relative abundances were also calculated in the bivariate system of 
both environmental parameters. These calculations were carried out in steps of 5°C and 
5 mg Corg m-2 d-1 in the range 0-30°C and 0-30 mg Corg m-2 d-1. 
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3.3 Results 
Our compilation of data covers a broad range of sea surface temperatures and export 
productions (Fig. 3.2a). Lowest SSTs (-1.8°C) were observed in the Weddell Sea, more than 
30°C were reached in the northern Indian Ocean (mainly the Arabian Sea). 30 % of the 
samples were taken at SSTs around 25°C, the amount continually decreasing towards 
lower temperatures (Fig. 3.2b). Almost two thirds (63 %) of the sampling intervals were 
characterized by SSTs exceeding 17.5°C.  
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Fig. 3.2: (a) Scatterplot of EP1000 versus SST for the samples studied here. Note change of scaling in 
y-axis. (b) + (c) Histograms showing SST and EP1000 distribution of the samples, respectively. 
22 samples above an EP1000 of 40 mg Corg m-2 d-1 are too few to be shown. 
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The export production in 1000 m water depth ranged from 0 to 103.4 mg Corg m-2 d-1, 
with one extreme value of 205.3 mg Corg m-2 d-1 at Ocean Station Papa. 39.4 % of the 
samples have low export rates (< 5 mg Corg m-2 d-1), the percentage decreasing towards 
higher export production (Fig. 3.2c). Only 11.5 % of the data show very high rates of 
organic carbon export (> 20 mg Corg m-2 d-1). 
3.3.1 Relationship to sea surface temperature 
Fluxes and relative abundances of the investigated species exhibit a differing sensitivity 
to SSTs on a global basis, shown in Figs. 3.3-3.6. The occurrence and optimum SST ranges 
for fluxes and abundances are summarized in Table 3.2 and Fig. 3.7. However, when 
considering the occurrence temperature ranges it should be kept in mind, that for some 
traps only the main contributors to the assemblage were presented in the reference, while 
species of minor importance for the respective region were summarized as "others". These 
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Fig. 3.3: Absolute fluxes (a, c) and relative abundances (b, d) versus observed SSTs for G. ruber 
(white) and G. ruber (pink), respectively. The dashed lines delineate the ´top 10 %´ of the samples. 
The shadowed bars mark the respective optimum SST ranges. Note different scaling in y-axes as 
well as interruption of y-scale (a). 
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minor appearances may theoretically shift the absolute tolerance ranges, but there is 
probably not a significant effect if any. 
The warm-water species G. ruber (white and pink), G. siphonifera and G. sacculifer show 
increased fluxes with increasing SSTs. Peak fluxes (relative abundances) are mainly in the 
order of ~ 1000 ind. m-2 d-1 (~ 70 %), 600-700 ind. m-2 d-1 (40-60 %), 200-250 ind. m-2 d-1 
(40-67 %) and ~ 650 ind. m-2 d-1 (60-87 %), respectively. 
Highest fluxes of G. bulloides cover almost the entire SST range observed, resulting in 
the broadest optimum SST range. Neither fluxes nor relative abundances show a clear 
signal of SST influence on this morphospecies. However, the distribution looks polymodal. 
Highest fluxes of several thousand ind. m-2 d-1 originate from such different regions as the 
Subantarctic Zone, the Benguela upwelling system or the Arabian Sea. In these regions, 
G. bulloides makes up 90 % of the assemblage at the most. 
Fig. 3.4: Absolute fluxes (a) and relative abundances (b) versus observed SSTs for G. siphonifera. The 
dashed lines delineate the ´top 10 %´ of the samples. The shadowed bars mark the respective 
optimum SST ranges. Bar charts (c, d) show median values for the fluxes and relative abundances, 
respectively, calculated for steps of 2°C. Note different scaling in y-axes. 
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Fig. 3.5: Absolute fluxes (a, c) and relative abundances (b, d) versus observed SSTs for G. sacculifer 
and G. bulloides, respectively. The dashed lines delineate the ´top 10 %´ of the samples. The 
shadowed bars mark the respective optimum SST ranges. In panels (c) and (d) samples from the 
Southern Ocean ({), the Pacific (▲), the Atlantic () and the Indian Ocean (+) are plotted 
separately. Note different scaling in y-axes. 
 
According to its subpolar to transitional nature, fluxes and relative abundances of 
N. pachyderma (dex.) show a rather bell-shaped distribution with highest values in mid-
temperatures and a rather broad optimum SST range. Maximum absolute fluxes of up to 
55,310 ind. m-2 d-1 measured off Namibia are by far the highest recorded in this database 
for any species. In other oceanic regions fluxes do not exceed 4800 ind. m-2 d-1. Relative 
abundances reach 84.5 % at the most. 
The cold-water species N. pachyderma (sin.) yields reduced fluxes at increasing SSTs. 
The highest flux of as much as 13,344 ind. m-2 d-1 was measured in the Weddell Sea. At 
SSTs below 1°C the fluxes of N. pachyderma (sin.) are declining, while relative abundances 
still rise continuously until many samples reach a monospecific state. 
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Fig. 3.6: Absolute fluxes (a, c) and relative abundances (b, d) versus observed SSTs for 
N. pachyderma (dex.) and N. pachyderma (sin.), respectively. The dashed lines delineate the ´top 
10 %´ of the samples. The shadowed bars mark the respective optimum SST ranges. Samples from 
the Southern Ocean ({), the Pacific (▲), the Atlantic () and the Indian Ocean (+) are plotted 
separately. Note different scaling in y-axes. 
  
Table 3.2        
SST ranges and optimum SSTs for absolute fluxes and relative abundances of the 
different species       
        
Species   N   SST range [°C]   Optimum SST range [°C] 
            flux abundance 
G. ruber (white)  919  > 9.8  24.2-29.7 21.8-30.6 
G. ruber (pink)  392  (16.4)-29.6  22.9-29.5 22.6-29.5 
G. siphonifera  715  > 11.9  21.9-29.5 20.1-30.7 
G. sacculifer  752  > 9.7  22.9-29.7 23.1-29.7 
G. bulloides  1023  > 1.9  4.4-28.6 4.4-29.8 
N. pachyderma (dex.) 732  < 29.8  8.5-21.4 5.8-23.6 
N. pachyderma (sin.)   434   < 23.7   -0.5-17.1 < 0.9 
N indicates the number of samples available to derive these ranges. 
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3.3.2 Relationship to export production 
The dependence of species fluxes and relative abundances on EP1000 is less clear than 
the relation to SSTs (Figs. 3.8-3.11). Again, fluxes and abundances show a broad scatter 
within each step of EP1000. No occurrence limits could be deduced for export production, 
because all species are present at low as well as at high EP1000-values. Optimum ranges 
were derived only for the relative abundances (summarized in Table 3.3) and not for the 
fluxes, as they mostly did not significantly differ from the occurrence range. 
The clearest signal is decreasing relative abundances with higher export productions 
for G. sacculifer and G. siphonifera, while fluxes can still be high. This means that at higher 
productivities these species are outnumbered by others that thrive even better under these 
conditions. Peak fluxes of G. sacculifer and G. siphonifera were recorded mainly in mid-
ranges of export production (~ 5-15 mg Corg m-2 d-1). Highest relative abundances were 
observed at lower export production rates where fluxes were comparably small. The same 
trend can be seen with G. ruber (white and pink), even though not as clear as for the 
previous two species. 
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Fig. 3.7: Overall distribution (solid lines) and optimum SST ranges for the investigated species 
based upon relationships between SSTs and absolute fluxes (upper bars) and between SSTs and 
relative abundances (lower bars). 
3 Foraminiferal sensitivity from sediment traps 
 70
In contrast to the warm-water species, relative abundances of G. bulloides and 
N. pachyderma (dex.) can reach high values even at very high rates of export production. 
Highest fluxes were recorded at medium to high production rates. Only at very low 
productivities fluxes were generally decreasing. 
N. pachyderma (sin.) yielded highest fluxes mainly at low to medium EP1000. Regarding 
the relative abundances there seems to be a clear trend of higher maximal abundances 
with lower export production. The only exceptions are those samples from the Weddell 
Sea, where the species accounts for 100 % of the planktic foraminiferal assemblage, 
independent of the magnitude of export production. 
3.3.3 Bivariate analysis of fluxes and relative abundances 
Median fluxes and relative abundances calculated in the joint space of both SST and 
EP1000 are presented in Table 3.4. This bivariate approach reveals clear dependencies of 
fluxes and abundances on both environmental parameters for most of the species. 
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Fig. 3.8: Absolute fluxes (a, c) and relative abundances (b, d) versus EP1000 for G. ruber (white) and 
G. ruber (pink), respectively. The dashed lines delineate the ´top 10 %´ of the samples. The 
shadowed bars mark the respective optimum EP1000 ranges. Note different scaling in axes as well as 
interruption of y-scale (a). 
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 Highest values for G. ruber (white and pink), G. siphonifera and G. sacculifer are found 
mainly in the 25-30°C interval, underlining the strong SST influence on these tropical to 
subtropical species. Within this optimum range the export production has a significant 
effect on the distribution of fluxes and relative abundances leading to higher median flux 
values at medium to high export production rates while relative abundances are highest at 
low to medium export productivities. 
G. bulloides does not exhibit clear preferences for certain SSTs. There seem to be multiple 
optima in fluxes as well as relative abundances which are mostly related to higher 
productivities. 
Within the optimum mid-temperature range of N. pachyderma (dex.) highest fluxes and 
relative abundances coincide with medium to high export productions. The cold-water 
type N. pachyderma (sin.) yielded highest fluxes and abundances at low SSTs (mainly 
Fig. 3.9: Absolute fluxes (a) and relative abundances (b) versus EP1000 for G. siphonifera. The dashed 
lines delineate the ´top 10 %´ of the samples. The shadowed bar marks the respective optimum 
EP1000 range. Bar charts (c, d) show median values for the fluxes and relative abundances, 
respectively, calculated for steps of 2 mg Corg m-2 d-1 (only up to 20 mg Corg m-2 d-1). Note different 
scaling in axes. 
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0-5°C) and low to medium EP1000 values. However, at increased temperatures highest 
values shift towards medium and high export productions. 
3.4 Discussion 
3.4.1 Sensitivity to sea surface temperature 
Before discussing in detail the temperature dependence of the different species, it must 
be noted that foraminiferal fluxes were related to sea surface temperatures regardless of 
the respective depth habitat of the species. Therefore the occurrence and optimum ranges 
given here do not necessarily reflect the water temperatures the foraminifera actually lived 
in and hence can withstand. Probably SST conforms best with living temperatures for 
G. ruber, which is known to be a surface-dweller (Hemleben et al., 1989), but can deviate 
by several degrees for thermocline species like N. pachyderma living within or at the base of 
the deep chlorophyll maximum (Fairbanks and Wiebe, 1980; Fairbanks et al., 1982; 
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Fig. 3.10: Absolute fluxes (a, c) and relative abundances (b, d) versus EP1000 for G. sacculifer and 
G. bulloides, respectively. The dashed lines delineate the ´top 10 %´ of the samples. The shadowed 
bars mark the respective optimum EP1000 ranges. Note different scaling in axes. 
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Fig. 3.11: Absolute fluxes (a, c) and relative abundances (b, d) versus EP1000 for N. pachyderma (dex.) 
and N. pachyderma (sin.), respectively. The dashed lines delineate the ´top 10 %´ of the samples. The 
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Table 3.3      
Optimum EP1000 ranges for relative abundances of the different species 
      
Species   N   Optimum EP1000 range   
    for the rel. abundance  
        [mg Corg m-2 d-1]   
G. ruber (white)  806  1.5-13.5  
G. ruber (pink)  379  < 20.5  
G. siphonifera  625  < 15  
G. sacculifer  679  < 12.5  
G. bulloides  862  < 57  
N. pachyderma (dex.)  649  < 48  
N. pachyderma (sin.)   380   < 8   
N indicates the number of samples available to derive these ranges. 
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Table 3.4 
(a) Median absolute fluxes [ind. m-2 d-1] and (b) median relative abundances [%] calculated in the 
joint space of both SST [°C] and EP1000 [mg Corg m-2 d-1] for G. ruber (white) (RUBW), G. ruber (pink) 
(RUBP), G. siphonifera (SIPH), G. sacculifer (SACC), G. bulloides (BULL), N. pachyderma (dex.) (PACD) 
and N. pachyderma (sin.) (PACS). 
Species EP1000
0-5 5-10 10-15 15-20 20-25 25-30
RUB W 0-5 0.0 0.0 0.0 8.6 15.9 30.5
5-10 0.0 0.0 0.0 17.4 16.2 102.7
10-15 0.0 0.0 0.0 6.6 52.4 146.6
15-20 (0.0) (0.0) 0.0 4.2 69.3 180.0
20-25 (0.0) (0.0) 0.0 7.6 19.8 138.0
25-30 5.3 7.1 (27.8) 252.0
0-5 0.0 0.0 0.0 4.6 16.4 28.3
5-10 0.0 0.0 0.0 1.2 12.2 31.6
10-15 0.0 0.0 0.0 0.8 8.5 25.4
15-20 (0.0) (0.0) 0.0 0.2 6.2 12.9
20-25 (0.0) (0.0) 0.0 0.4 4.6 10.1
25-30 0.7 0.1 (3.1) 13.9
RUB P 0-5 2.1 3.3 1.3
5-10 0.0 1.2 6.7
10-15 4.3 3.2 18.6
15-20 0.0 11.9 (434.1)
20-25 (13.3) 0.0 (16.5)
25-30 (0.0) (1.6) (178.1)
0-5 0.8 3.3 1.9
5-10 0.0 0.7 2.4
10-15 0.3 1.5 2.8
15-20 0.0 3.8 (14.7)
20-25 (0.5) 0.0 (3.0)
25-30 (0.0) (1.1) (14.3)
SIPH 0-5 0.0 0.0 0.0 2.0 3.3 7.1
5-10 0.0 0.0 0.0 8.3 1.5 19.8
10-15 (0.0) 0.0 0.0 2.8 1.6 22.3
15-20 (0.0) 0.0 8.0 0.8 35.0
20-25 (0.0) (0.0) 0.0 0.9 0.0 23.7
25-30 6.5 4.0 (3.0) 10.0
0-5 0.0 0.0 0.0 0.5 3.0 9.2
5-10 0.0 0.0 0.0 0.9 0.5 6.1
10-15 (0.0) 0.0 0.0 0.4 0.3 4.5
15-20 (0.0) 0.0 0.3 0.2 4.0
20-25 (0.0) (0.0) 0.0 0.0 0.0 3.8
25-30 1.1 0.3 (0.5) 0.2
SACC 0-5 (0.0) 0.0 0.0 0.7 10.1
5-10 (0.0) 0.0 0.8 0.8 28.0
10-15 (0.0) 5.4 6.4 10.8 37.2
15-20 9.8 14.3 10.0 49.0
20-25 12.3 9.4 3.6 39.2
25-30 (24.0) (10.7) (3.4) 40.0
Values comprised of less than 5 data points are in parentheses. The 5 highest values are shaded
b)
a)
b)
a)
SST
a)
b)
a)
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Reynolds and Thunell, 1986). Nevertheless, such direct correlations of species abundances 
with surface hydrography are the basic principle of most commonly applied statistical 
methods in paleoceanography that utilize planktic foraminiferal assemblages (e. g. Imbrie 
 Table 3.4 (continued) 
Species EP1000
0-5 5-10 10-15 15-20 20-25 25-30
SACC 0-5 (0.0) 0.0 0.0 0.8 15.1
5-10 (0.0) 0.0 0.3 0.2 10.8
10-15 (0.0) 0.5 0.4 1.4 8.9
15-20 0.8 0.6 1.4 5.3
20-25 1.6 1.9 1.2 5.5
25-30 (3.5) (0.2) (0.9) 0.8
BULL 0-5 56.5 28.0 59.6 11.3 5.1 0.0
5-10 122.4 129.0 78.0 108.0 22.8 9.7
10-15 440.0 220.6 76.4 141.1 30.9 30.0
15-20 (2801.2) (366.0) 68.4 181.0 38.4 209.0
20-25 (5044.7) 336.5 65.9 159.0 24.9 152.0
25-30 (227.0) 192.3 254.2 (22.0) 603.0
0-5 3.7 4.6 14.4 4.3 2.8 0.0
5-10 7.9 5.8 8.5 12.3 13.1 1.9
10-15 14.4 10.8 8.5 10.3 4.8 5.7
15-20 (55.7) (14.1) 6.7 10.8 5.3 18.6
20-25 (76.3) 9.5 7.2 11.4 8.6 29.7
25-30 (6.3) 17.3 22.0 (5.8) 60.5
PAC D 0-5 25.9 40.0 82.5 8.5 0.0 0.0
5-10 53.5 141.0 128.0 376.9 32.3 0.0
10-15 78.5 240.0 170.0 212.1 65.0 (0.0)
15-20 (15.3) (58.5) 190.0 529.3 88.9 (0.0)
20-25 (37.6) 132.0 201.8 183.4 37.2
25-30 (257.0) 189.5 146.5 (68.4)
0-5 2.4 10.3 14.0 6.9 0.0 0.0
5-10 3.1 7.6 14.9 17.9 22.2 0.0
10-15 2.8 14.6 16.7 14.8 24.1 (0.0)
15-20 (0.9) (1.9) 25.3 17.2 16.9 (0.0)
20-25 (0.6) 2.1 32.2 18.3 18.5
25-30 (7.2) 29.4 13.9 (25.6)
PAC S 0-5 637.9 9.4 11.5 21.3 0.0
5-10 773.9 267.0 49.0 66.1 0.0
10-15 1234.0 305.0 98.8 3.9 (7.1)
15-20 (268.7) (879.5) 144.4 479.0 (10.5)
20-25 (65.9) 1264.3 51.6 444.5 (0.0)
25-30 (537.0) (111.1) (156.4) (0.0)
0-5 72.6 2.2 3.4 2.0 0.0
5-10 62.6 17.1 5.7 2.7 0.0
10-15 52.4 9.0 11.1 1.0 (0.7)
15-20 (50.6) (23.5) 11.5 9.0 (0.5)
20-25 (1.0) 25.7 5.5 12.1 (0.0)
25-30 (15.0) (5.0) (2.5) (0.0)
Values comprised of less than 5 data points are in parentheses. The 5 highest values are shaded
b)
SST
a)
b)
a)
b)
a)
b)
 
3 Foraminiferal sensitivity from sediment traps 
 76
and Kipp, 1971; Ortiz and Mix, 1997; Waelbroeck et al., 1998; Trend-Staid and Prell, 2002). 
These use multi-year averages of SST though, but as the IGOSS-derived SSTs compare 
very well to monthly 0-m SSTs from the World Ocean Atlas 2001 (Conkright et al., 2002), 
which in turn are highly correlated to temperatures within the upper water column, we 
believe that the resulting error from using weekly 0-m SSTs is comparably small.  
Correlations of species abundances with SST have also been addressed by Bé and co-
workers, who inferred temperature limits by analyzing the geographic distribution of 
various species using plankton tows with a mesh size of 200 µm in the Atlantic and Indian 
Oceans (Bé and Hamlin, 1967; Bé and Tolderlund, 1971; Tolderlund and Bé, 1971; Bé, 1977; 
Bé and Hutson, 1977). In their studies, optima were mostly deduced as temperatures in the 
areas of maximum relative abundances or highest concentrations. Bijma et al. (1990a) 
examined some foraminiferal species in laboratory cultures with respect to food 
acceptance, chamber formation and gametogenesis under differing temperatures and 
salinities, by this means experimentally deriving survival ranges. They demonstrated that 
extreme thermal and salinity conditions correspond to low food acceptance, reduced 
growth and poor survival. The optimum temperatures they deduced were based on the 
metabolic rate (Q10 values) where data were available. Hilbrecht (1996) analyzed relative 
abundances of planktic foraminifera from surface sediments of the Atlantic and Indian 
Oceans (size fraction > 150 µm) relating them to different parameters of temperature, 
salinity and water density (available online at http://www.ngdc.noaa.gov/mgg/ 
geology/hh1996/aa_start.html). He defined optimum temperatures as the SST range 
covered by those samples that yield at least 75 % of the maximum relative abundance 
observed for a certain species. Doing so, he derived different optima using summer, 
winter and mean SSTs of the sampling sites. In our study, the SST range for the 
investigated species was set to the upper and lower temperature limits of their occurrence 
in the trap samples as suggested by Hilbrecht (1996), whereas the optimum SST ranges 
refer to SST fields covered by those 10 % of the samples with the highest absolute fluxes 
and relative abundances, respectively. Thus we eliminated the chance of confining the 
optimum to a handful of samples only, which would have been the case for some species, 
if we applied the definition of Hilbrecht (1996). Table 3.5 summarizes the temperature 
limits and optimum ranges for the seven species considered here. 
According to their tropical to subtropical nature, G. ruber (white and pink), G. sacculifer 
and G. siphonifera show clear preferences for the upper temperature band and are absent at 
low temperatures (Tables 3.4 and 3.5, Fig. 3.7). Of these, the white variety of G. ruber and 
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G. sacculifer exhibit the widest SST tolerance range (> 9.8/9.7°C), followed by G. siphonifera 
(> 11.9°C). These species were observed up to the highest recorded SST of 31°C in the 
Indian Ocean. Bijma et al. (1990a) inferred an optimum temperature of 26.5°C for both 
G. ruber and G. sacculifer, which is in good agreement with our results. However, our lower 
temperature limits for G. ruber (white) and G. sacculifer are in contrast to previous plankton 
tow and even laboratory studies. Based on our trap data we conclude, that both species 
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might tolerate SSTs several degrees cooler than proposed earlier (Table 3.5). One striking 
example is the first collection interval of trap WCT-2 in the Northwestern Pacific, where 
G. sacculifer is continuously present even when temperatures fall to a minimum of 9.7°C 
(Mohiuddin et al., 2002). G. ruber (pink) shows the narrowest SST range (16.4-29.6°C). As 
the pink variety of G. ruber occurs only in the Atlantic and Mediterranean Sea (Thompson 
et al., 1979), it should be mentioned that there are no samples in this database covering 
SSTs between 1.5-14.5°C in these regions. Nevertheless, based on the distribution of fluxes 
in the remaining temperature range and taking into account the lower temperature limits 
of 14 and 13.3°C given by Bé and Tolderlund (1971), Bijma et al. (1990a) and Tolderlund 
and Bé (1971), we believe that the substantial part of the temperature distribution is still 
represented in our samples. Despite the fact, that sedimentary assemblages reflect an 
integration of the seasonally changing flux pattern (King and Howard, 2001) and are 
subject to a different taphonomy (selective dissolution in the sediment, bioturbation 
processes, displacement by bottom currents, etc.) (Boltovskoy, 1994), optimum SST ranges 
derived by Hilbrecht (1996) compare favourably well with our results (rather narrow 
optima for G. ruber (pink) and G. sacculifer given by Hilbrecht (1996) result from his 
different definition of optimum). 
When comparing SST ranges for the two varieties of G. ruber, the pink form is often said 
to occur in warmer waters than its white counterpart (e. g. Bé and Hamlin, 1967; 
Tolderlund and Bé, 1971; Hemleben et al., 1989). As the two species co-occur only in the 
Atlantic and Mediterranean (Thompson et al., 1979), we compare them using the Atlantic 
samples only. When calculating optimum temperatures for G. ruber (white) based 
exclusively on Atlantic traps, the optimum SST range for the relative abundances reduces 
to 21.8-28.4°C, which is indeed ~ 1°C lower than the respective optimum for the pink 
species. However, even though the seasonal succession of foraminifera at individual trap 
positions also supports this finding, if analyzed Atlantic-wide the ratio of the pink species 
over both white and pink G. ruber does not show any clear trend of increasing values with 
increasing temperatures (Fig. 3.12). In recent years, molecular phylogenetic analyses have 
revealed a high degree of genotypic diversity within planktic foraminiferal 
morphospecies, in some cases justifying separate taxonomic status ("cryptic species"), 
which is often correlated to distinct ecological preferences (Darling et al., 1997, 1999, 2000, 
2003; Huber et al., 1997; de Vargas et al., 1999, 2002; Stewart et al., 2001; summarized in 
Kucera and Darling, 2002). The traditionally identified morphospecies G. ruber for instance 
comprises at least four different genotypes, one pink and three white ones, of which 
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Fig. 3.12: Relationship between SST and percent pink 
versus white-plus-pink forms of G. ruber. Only Atlantic 
samples are shown, where more than 20 specimens of 
G. ruber (white + pink) were counted. Samples from 
the Sargasso Sea are all shown, as original counts were 
not available. 
type II is possibly associated with cooler 
waters than the other types (Kucera and 
Darling, 2002). The presence of distinct 
genetic types of G. ruber (white) having 
specific temperature adaptations might 
explain the unclear distribution of spe-
cies ratios observed in Atlantic traps 
(Fig. 3.12). Samples off NW-Africa (~ 20-
25°C) reveal the best positive correlation 
of G. ruber (pink) ratios with tempera-
ture. This coincides with the fact, that 
the white genotype II has been identified 
in the Canary Islands region (Kucera 
and Darling, 2002). 
G. bulloides is typical for transitional 
to polar water masses, but is also charac-
teristic of upwelling environments regardless of their geographic position (Hemleben et 
al., 1989). It has the second-largest occurrence SST range after N. pachyderma (dex.) and the 
broadest optimum, as it reaches comparably high maximum fluxes and relative abun-
dances over a wide thermal range. Optimum ranges derived from plankton tows lie well 
within the ranges presented here (Table 3.5). Upper limits of our optimum ranges are 
notedly higher though, reflecting mainly samples from the Arabian Sea. There G. bulloides 
is highly abundant during the summer monsoon, indicative of strong seasonal upwelling 
with lower SSTs and higher nutrient content (e. g. Kroon, 1988; Curry et al., 1992; Guptha 
and Mohan, 1996; Schiebel et al., 2004). At first sight temperature does not seem to be an 
important factor governing the flux of this morphospecies. But molecular studies have 
shown that what has been identified as G. bulloides is in fact a complex of at least six 
different genetic types (Darling et al., 1999, 2000, 2003; Stewart et al., 2001; Kucera and 
Darling, 2002). The two "warm water" types Ia and Ib are found mainly in 
tropical/subtropical regions, whereas the four "cold water" types IIa-d are found under 
transitional to subpolar conditions (Kucera and Darling, 2002). As some of these genotypes 
can co-occur, it is difficult to break up the data set into the different types by region-
specific analyses. Moreover, looking at the data in a regional context has the disadvantage 
of significantly reducing the SST coverage for every region, so that conclusions on specific 
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SST adaptations of possibly different genotypes can only be tentative. Nevertheless, 
Fig. 3.5c/d as well as the bivariate analysis shown in Table 3.4 clearly suggest, that the 
distribution of fluxes and relative abundances of G. bulloides is polymodal. Southern Ocean 
samples, probably comprising mainly the coldest types IIa and IIc, show peak fluxes 
(relative abundances) between ~ 5-8°C (~ 5-10°C). Pacific samples have highest values 
between ~ 9-17°C and might be composed mostly of types IIa and IId, while at the 
subtropical station WCT-1 there might be a presence of the warm-water type Ia that has 
also been found in the Coral Sea (Darling et al., 1999). Atlantic samples, presumably 
containing types Ib, IIa and IIb, yielded highest fluxes (relative abundances) between 
14.5-22°C (~ 17.5-23°C). It should be kept in mind, that the database lacks Atlantic samples 
colder than 14.5°C. In the tropical Indian Ocean samples yield high fluxes and relative 
abundances between 25-29°C. These might comprise mainly the warm-water type Ia. 
Unfortunately, genetic variation in G. bulloides has not been examined in populations from 
the Indian Ocean yet. As fluxes and abundances of Indian Ocean assemblages are highest 
at SSTs, at which Atlantic as well as Pacific samples show reduced fluxes, it might turn out 
that they contain yet another distinct genotype. In Atlantic and Indian Ocean surface 
sediments Hilbrecht (1996) also found a secondary maximum in relative abundances of 
G. bulloides between ~ 26-28°C, which he excluded in optimum calculations. 
N. pachyderma (dex.) is characteristic of subpolar to transitional water masses and 
exhibits a clear preference for mid-temperatures, showing decreasing fluxes and relative 
abundances towards both edges of the SST band (Fig. 3.6a/b, Table 3.4). The shape of its 
distribution pattern resembles the Gaussian distribution that would be expected for 
species with temperate thermal optima. N. pachyderma (dex.) has the broadest SST 
tolerance among the investigated species covering nearly the whole temperature range 
observed. Occurrence as well as optimum SST ranges presented here are broader than 
previously reported from plankton tow studies (Table 3.5). This is probably due to the fact, 
that previous studies were either regionally restricted or they discussed left- and right-
coiling N. pachyderma combined, thereby mostly concentrating on the sinistral form. Bé and 
Hamlin (1967) and Bé (1969) found high abundances of N. pachyderma (dex.) at surface 
temperatures of 11-15 and 9-15°C, respectively, which lies well within the optimum range 
of our study. Occurrence and optimum ranges derived from surface sediments (Hilbrecht, 
1996) also compare very well with our findings. Up to now two distinct genotypes of 
N. pachyderma (dex.) are known to exist: type I has been found in the Drake Passage and 
the North Atlantic, while type II was identified in the Santa Barbara Channel and might be 
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endemic to the North Pacific (Darling et al., 2000, 2003, 2004a; Kucera and Darling, 2002). 
Pacific samples show highest fluxes and relative abundances at ~ 8.5-19 and ~ 6-19°C, 
respectively, while Atlantic samples yield peak fluxes/abundances up to 21.5/24°C 
(Fig. 3.6a/b). Unfortunately, no information is available for the significant SST range 
below 14.5°C in the Atlantic Ocean. 
N. pachyderma (sin.) is typical for polar to subpolar environments (Hemleben et al., 
1989), which is clearly visible in its temperature distribution, being absent at high SSTs and 
reaching highest fluxes and relative abundances towards the low end of the surface 
temperature band (Fig. 3.6c/d, Table 3.4). Most of the high-flux samples correspond to 
temperatures between 0-12°C, which compares well with previous plankton tow studies 
(Table 3.5). Shells have been found even at -1.8°C, although fluxes are not as high as in the 
optimum range at these temperatures. In the Antarctic, N. pachyderma (sin.) is even 
adapted to live in sea-ice, where it can survive temperatures well below -2°C (Hemleben 
et al., 1989; Darling et al., 2004b). Due to the high fluxes at low temperatures and an 
additionally decreasing species diversity towards higher latitudes (Bé, 1977), the relative 
abundance of N. pachyderma (sin.) is increasing continuously with decreasing SSTs. In this 
regard it should be kept in mind, that planktic foraminifera have been counted only above 
125 µm shell size. When looking into species fluxes and assemblage composition, the 
investigated size fraction is of great importance particularly, but not exclusively, in high 
latitudes, because shell sizes usually decrease with decreasing temperature being 
attributed to effects such as metabolic efficiency, carbonate supersaturation, niche richness 
or diversity (e. g. Bé and Hutson, 1977; Peeters et al., 1999; Schmidt et al., 2004). Analyzing 
plankton tows from the Fram Strait, Carstens et al. (1997) noted that the > 150 µm fraction 
accounted for only 30 % of their > 63 µm yield. In addition they observed a shift in faunal 
composition. Due to a higher relative abundance of Turborotalita quinqueloba in the smaller 
fraction, the percentage of N. pachyderma (sin.) was lower if a smaller mesh size was 
considered. Lower fluxes of N. pachyderma (sin.) reported here (> 125 µm) thus do not 
imply that this species cannot thrive well below 0°C. 
The optimum range derived for the relative abundance is much narrower than reported 
in the literature. The reason might be that the definition of optimum ranges followed here 
is probably not best suited for the temperature distribution of relative abundances of 
N. pachyderma (sin.), as the resulting range depends to a certain extent on the geographical 
sample distribution: Because more than 10 % of the samples yielding fluxes of this species 
originate from the Weddell Sea, where relative abundances are consistently high, all top-
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ten abundance samples are from this region, restricting the optimum range to < 0.9°C. If 
less samples had been taken at the Weddell Sea site, the optimum range calculated here 
would have extended to less cold temperatures. When applying the optimum definition 
used by Hilbrecht (1996), N. pachyderma (sin.) has an optimum SST range of < 6.8°C in our 
sediment trap samples, which compares much better to other studies.  
The percentage ratio of left- versus right-coiling N. pachyderma has been addressed by 
various authors and is most commonly attributed to be associated with surface 
temperature (e. g. Tolderlund and Bé, 1971). Ericson (1959) observed a distribution 
boundary between right- and left-dominated North Atlantic fossil assemblages associated 
with the 7.2°C surface isotherm for April, which is supported by Bé and Hamlin´s (1967) 
and Bé and Tolderlund´s (1971) studies of living populations. Reynolds and Thunell (1986) 
recognized a preference of sinistral (dextral) individuals for temperatures colder (warmer) 
than 8°C. Hence, we calculated percentage ratios for left-coiling N. pachyderma as well as 
median percentage ratios calculated for steps of 1°C (Fig. 3.13). Despite of the big scatter at 
mid-temperatures, there is a significant correlation of coiling ratios with temperature. The 
change in dominance of one coiling ratio over the other occurs at 9°C. In 87.5 % of the 
samples below this temperature fluxes of the sinistral form exceed those of the right-coiled 
tests. Above 9°C N. pachyderma (dex.) outnumbers the left-coiled form in 94.5 % of the 
samples. There has been some discussion about whether surface temperature is causal for 
or just a coincidence of different coiling ratios. Apart from temperature changes, nutrient 
conditions could also influence the coiling pattern with sinistral forms being abundant in 
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Fig 3.13: (a) Relationship between SST and percent sinistral versus sinistral-plus-dextral forms of 
N. pachyderma. (b) Median percentages of left-coiled N. pachyderma versus sinistral-plus-dextral 
forms calculated for steps of 1°C. 
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cold, little or not stratified waters (increased nutrient concentrations) and dextral forms 
being abundant when there is a warm stratified surface layer with lower nutrient content 
(Reynolds and Thunell, 1986). Brummer and Kroon (1988) though showed that "oppositely 
coiled populations of single species result from restricted genetic exchange across major 
water mass boundaries" and that changes in coiling patterns "reflect the dynamics of 
central water masses and polar fronts rather than the displacements of particular 
isotherms". Genetic data reported by Darling et al. (2000, 2004a,b) and Bauch et al. (2003) 
support the association of coiling direction in N. pachyderma with genetic divergence 
instead of temperature during development and have shown, that right- and left-coiling 
N. pachyderma are in fact separate species. 
So far genetic variation within N. pachyderma (sin.) has been examined in populations 
from the North Atlantic, the Benguela upwelling system, the Drake Passage and the 
NE-Pacific (Darling et al., 2000, 2004a,b; Bauch et al., 2003). These studies revealed seven 
distinct genotypes within this morphospecies, of which type I was found in the North 
Atlantic, types V and VI in the Benguela upwelling system and type VII in the North 
Pacific. Types II-IV were identified in the Southern Ocean, type II preferring warmer 
waters of the Subantarctic Front and type IV being found only in cold waters south of the 
Polar Front and in sea ice (Darling et al., 2004b). Unfortunately, the database presented 
here does not have sufficient coverage to closely disentangle the occurrence of the 
different genotypes, especially in the Southern Ocean. The northern North Atlantic is not 
covered at all in our trap data. Samples off SW-Africa (types V and VI) show maximum 
fluxes around 15°C, but no conclusions can be drawn on how far the occurrence/optimum 
ranges of these types would reach into lower temperatures (Fig. 3.6c/d). The Pacific 
samples, composed of type VII, yield high fluxes and relative abundances mainly up to 
SSTs of 12°C, while Southern Ocean types II-IV show decreased fluxes and abundances at 
SSTs > 6°C. 
Bauch et al. (2003) showed in the North Atlantic that rare occurrences of dextrally-
coiled N. pachyderma specimens can genetically be N. pachyderma [type I (sin.)]. They 
adopted a threshold value of 5 % in right coiling ratio for the start of the presence of 
N. pachyderma [type I (dex.)]. Darling et al. (2004a) have demonstrated, that all genotypes 
of N. pachyderma (sin. and dex.) show similar low level reciprocal coiling. Applying the 
threshold value of 5 % to our database results in a shift of the lower temperature limit for 
(genetically) N. pachyderma (dex.) by 4°C to 2.3°C, and it has to be assumed that all right-
coiled specimens found below this temperature are in fact N. pachyderma (sin.). Upper 
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temperature limits of N. pachyderma (sin.) however do not change if opposite coiling 
directions are taken into account. 
3.4.2 Sensitivity to export production 
The effect of a differing export production on fluxes and relative abundances of the 
investigated species is not as clearly visible as the influence of SST. The most striking 
patterns in the distribution are low relative abundances of the symbiont-bearing warm-
water species G. ruber, G. sacculifer and G. siphonifera at high export production rates even 
though absolute fluxes can still be high. On the other hand relative abundances for these 
species can reach high values at very low export production rates, although absolute 
fluxes are usually comparatively small then. Highest relative abundances are recorded at 
oligotrophic to mesotrophic conditions. This can also clearly be seen from median fluxes 
and abundances calculated in the joint space of both SST and EP1000 (Table 3.4). These 
observations compare well with results of previous plankton tow and sediment trap 
studies where the common presence of these species is attributed to low productivity 
environments (Watkins et al., 1996; Eguchi et al., 1999, 2003; Schiebel et al., 2001, 2004; 
Mohiuddin et al., 2002). 
Increasing abundances of G. bulloides are typically associated with periods of enhanced 
phytoplankton productivity, be that resulting from upwelling conditions or spring bloom 
(e. g. Sautter and Thunell, 1991; Guptha and Mohan, 1996). Consistently, in our study 
G. bulloides can yield high relative abundances at elevated export productions even though 
the dominance of this species is not restricted to high productivities. However, at low 
export rates absolute fluxes of G. bulloides are distinctly reduced, which can also be seen in 
the bivariate analysis (Table 3.4). 
N. pachyderma (dex.) can occur abundantly even at times of very high export 
productions. Median values (calculated up to 20 mg Corg m-2 d-1) increase with increasing 
productivity. This conforms well with Sautter and Thunell´s (1991) finding from the San 
Pedro Basin. They showed that this species "increases production during periods of high 
fertility". In the California Current right-coiling N. pachyderma was most frequent when 
total biomass peaked (Ortiz et al., 1995). However, this is in disagreement with the study 
by Schiebel et al. (2001) from the eastern North Atlantic, where N. pachyderma (dex.) (their 
N. incompta) dominates a temperate and low-productivity group characterizing the 
shallow mixed-layer depths. This is a different genotype though (Darling et al., 2003), but 
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Atlantic and Pacific samples did not show any differences in their relationship to export 
productivities. 
In contrast to our observations for the dextral form, the sinistral variety of 
N. pachyderma interestingly yielded highest fluxes and relative abundances coinciding with 
low to medium productivities. Apart from the monospecific polar samples from the 
Weddell Sea, there is a clear trend of decreasing relative abundances with higher export 
production. This is surprising at first, as left-coiling N. pachyderma is often associated with 
upwelling conditions, a higher nutrient content and hence higher productivity (e. g. 
Reynolds and Thunell, 1986; Ortiz and Mix, 1992; Ivanova et al., 1999 and references 
therein). However, looking into median fluxes and relative abundances calculated in the 
bivariate system of both SST and EP1000 reveals a different picture (Table 3.4). Only at very 
low SSTs of 0-5°C fluxes and abundances are high at low to medium export productions, 
while at higher temperatures maxima (though decreased) are shifted towards medium and 
high export productions as expected. At temperatures of 0-5°C, EP1000 rarely exceeds 
15 mg Corg m-2 d-1, median fluxes increase up to that value, whereas relative abundances 
decrease slightly. 
3.4.3 Significance of flux-governing factors 
Overall, sea surface temperature is an important ecological variable for most of the 
foraminiferal species investigated here. However, it seems to be a governing factor for 
species fluxes only at the limits of the thermal tolerance range as was also observed among 
others by Ortiz et al. (1995) in the California Current. The large variance of fluxes as well 
as relative abundances under thermal optimum conditions suggests that other factors gain 
more importance then. 
Food supply and light intensity have been supposed to be the dominant controls of 
foraminiferal production at more favorable temperatures (Ortiz et al., 1995). Asymbiotic 
and hence food-dependent species like right-coiling N. pachyderma or G. bulloides are thus 
abundant in coastal waters, while symbiont-bearing species like G. ruber depend more on 
light and thus dominate the offshore fauna where waters are less turbid (Ortiz et al., 1995). 
This provides an explanation for our observations of low relative abundances of G. ruber, 
G. sacculifer and G. siphonifera at high export productions and vice versa. Though low food 
availability would be reflected in low absolute fluxes, but at the same time high relative 
abundances, since these species could benefit from their photosynthetic symbionts (Ortiz 
et al., 1995; Watkins et al., 1996). On the other hand, at times of high productivity high 
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fluxes of these species could easily be outnumbered by non-symbiont-bearing species that 
thrive best at high fertilities and are rare when food is limited (Ortiz et al., 1995). Our 
bivariate analysis of foraminiferal fluxes and relative abundances clearly revealed a joint 
influence of both SST and EP1000 as described above (Table 3.4).  
Other environmental conditions that can influence planktic foraminiferal fluxes are 
salinity (e. g. Bijma et al., 1990a; Guptha et al., 1997), circulation patterns (e. g. Watkins 
et al., 1996) or the thermal structure of the water column (stratification, mixed-layer depth) 
which is often linked to the nutrient content (e. g. Thunell and Reynolds, 1984; Sautter and 
Thunell, 1989; Watkins and Mix, 1998; Schiebel et al., 2001; King and Howard, 2003a). On 
short timescales like the ones analyzed here, storms can also have a significant impact on 
foraminiferal standing stock and fluxes leading to pulsed export of tests from surface 
waters (Schiebel et al., 1995). Another possible reason for the high variance in fluxes is the 
patchy distribution of foraminiferal populations observed by Boltovskoy (1971) and Bé 
and Hutson (1977) among others. Moreover, the life span, the mortality rate and the 
reproduction cycle of individual species play an important role for standing stock, fluxes 
and assemblage composition (e. g. Bé, 1977; Bé and Hutson, 1977). For some species (e. g. 
G. sacculifer, G. ruber, G. bulloides) there is substantial evidence for a lunar influence on 
reproduction (Bijma et al., 1990b, 1994; Erez et al., 1991; Bijma and Hemleben, 1994; 
Schiebel et al., 1997; Kawahata et al., 2002). This periodicity can be reflected in species 
fluxes calculated from trap cups with sampling intervals less than one lunar cycle (Bijma 
et al., 1994) and has in fact also been observed in our samples from the eastern equatorial 
Atlantic (11.5-day sampling intervals) (B. Donner, personal communication). 
Our study has shown, that fluxes and relative abundances of most of the investigated 
species are strongly affected by sea surface temperature rather than export production, but 
that within their optimal thermal ranges, a variety of other factors can control 
foraminiferal production, productivity being one of them. 
3.4.4 Remarks on possible error sources 
We use a temporal lag in the order of 2-3 weeks between foraminiferal fluxes on the one 
hand and temperature estimates of the surface waters on the other hand, which is only an 
approximation. The settling velocity of foraminiferal shells depends primarily on the size, 
weight and morphology of their shells and hence is different for different species as well 
as different ontogenetic stages of the same species (e. g. Takahashi and Bé, 1984; Bijma 
et al., 1994). Together with further factors like ocean currents this makes it very difficult to 
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resolve lags between sea surface and trap depths. The time period existing between the 
initial production of foraminiferal shells and the start of the settling process depends on 
foraminiferal life cycles, which can be shortened during periods of enhanced food supply 
that allow for rapid growth and early maturation (Hemleben et al., 1989; Sautter and 
Thunell, 1991; Schiebel et al., 1995). While for some species there is substantial evidence for 
a lunar influence (e. g. Bijma et al., 1990b, 1994; Schiebel et al., 1997), the reproduction 
cycle of other species remains less well understood (Hemleben et al., 1989). 
Similar problems arise when attempting to apply temporal lags for the mass flux, here 
the organic carbon flux. The draw-down is subject to diverse aspects like the formation of 
aggregates or the presence of ballasting materials (e. g. Fowler and Knauer, 1986; 
Ratmeyer et al., 1999; Armstrong et al., 2002; Francois et al., 2002) and hence varies on 
regional and temporal scales. Inferred from sediment trap studies various authors report 
on settling durations from ocean surface to seafloor in the range of a few weeks (e. g. 
Deuser, 1986; Sautter and Thunell, 1989; Trull et al., 2001). On the contrary, while 
reanalyzing a flux record of more than a decade near Bermuda, Conte and Ralph (1999) 
found no temporal lag between fluxes at 500 m and 3200 m depth at their biweekly 
sampling resolution. Furthermore there are still doubts regarding the efficiency of 
sediment traps in intercepting the downward particle flux (Scholten et al., 2001; Yu et al., 
2001). 
Moreover, a lateral component in particle fluxes cannot be excluded. Lateral advection 
might notably bias the flux record of deeper traps especially in areas with strong 
productivity gradients, as was observed in the Canary Islands region (Freudenthal et al., 
2001; Abrantes et al., 2002; Neuer et al., 2002; Wilke et al., subm.). 
In addition, due to a great number of different sources for the data (different workers) 
taxonomic consistency cannot be assured, especially concerning intergrade forms between 
N. pachyderma (dex.) and N. dutertrei.  
Finally, as discussed above, molecular phylogenetic analyses of recent years evidence a 
high degree of genotypic diversity within planktic foraminiferal morphospecies, which 
might be correlated to distinct ecological preferences (summarized in Kucera and Darling, 
2002). While some genotypes seem to be separated geographically, others can co-occur, 
and their distributions may vary on regional, temporal as well as water-depth scales (e. g. 
de Vargas et al., 2002; Kucera and Darling, 2002; Darling et al., 2003, 2004b). The four 
G. siphonifera genotypes, for example, seem to be "horizontally and/or vertically adapted 
to different water masses displaying different levels of chlorophyll concentrations" 
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(de Vargas et al., 2002). Studies on ecological sensitivities of different genotypes will 
significantly improve only if it proves possible to distinguish genotypes morphologically. 
There is in fact growing evidence that previously described ecophenotypic variability in 
foraminiferal morphospecies is associated with different genetic types (Huber et al., 1997; 
de Vargas et al., 1999, 2001). Being able to disentangle complexes of multiple genotypes 
and to detect their distinct ecological preferences might thus improve paleoceanographical 
reconstructions based upon planktic foraminiferal assemblages (Kucera and Darling, 2002; 
Kucera et al., 2005). 
3.5 Summary and conclusions 
1) Relating planktic foraminiferal fluxes and relative abundances to sea surface 
temperatures revealed distinct differences in occurrence and optimum ranges of the 
investigated species. Among the warm-water species, G. ruber (white) and G. sacculifer 
exhibit the widest SST tolerance range, followed by G. siphonifera, while G. ruber (pink) 
shows the narrowest SST range. Lower thermal limits observed here for G. ruber (white) 
and G. sacculifer are notedly lower than previously reported on the base of plankton tow 
and laboratory studies. The preference of G. ruber (pink) for higher temperatures than 
the white variety is reflected in the optimum ranges, but does not clearly show in 
species ratios. G. bulloides and N. pachyderma (dex.) cover almost the whole SST range, 
with N. pachyderma (dex.) being especially abundant at mid-temperatures, while 
G. bulloides exhibits a polymodal distribution pattern due to different genetic types 
contained in this morphologically defined category. The cold-water species 
N. pachyderma (sin.) occurs only below 23.7°C. The change in dominance of right- over 
left-coiled N. pachyderma is observed at ~ 9°C. Derived thermal optimum ranges for all 
species are in good agreement with previous plankton tow and laboratory as well as 
surface sediment studies. 
2) Our sediment trap study confirms that sea surface temperature is an important 
ecological variable strongly affecting fluxes as well as relative abundances of most 
foraminiferal species investigated here. However, it is a limiting factor only at the edges 
of the thermal distributional range. Under optimum conditions other factors seem to 
govern foraminiferal flux with productivity being one of them. 
3) The influence of export production on planktic foraminiferal fluxes is not as 
pronounced as we expected. However, relative abundances of the symbiont-bearing 
species G. ruber, G. sacculifer and G. siphonifera are highest under oligotrophic to 
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mesotrophic conditions, which agrees well with previous findings. At low food 
availability and better light conditions these species might benefit from their 
photosynthetic symbionts. In contrast, the asymbiotic and hence food-dependent 
species G. bulloides and N. pachyderma (dex.) can reach high fluxes and relative 
abundances even at very high rates of export production, where they can outnumber 
the symbiotic species. Within the joint space of both SST and export production, 
N. pachyderma (sin.) yielded high fluxes and relative abundances coinciding mostly with 
medium to high export productivities. 
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Abstract 
Understanding and quantifying the seasonal and spatial distribution of planktic foraminiferal 
fluxes reflected in sedimentary assemblages is key to interpret foraminifera-based proxies in 
paleoceanography. Towards this goal we present an empirical model to predict foraminiferal fluxes 
on a global scale. 
A compilation of planktic foraminiferal flux and export production data from globally distri-
buted sediment traps together with environmental data of sea-surface temperature and mixed-layer 
depth from online databases is used to calibrate the model that calculates monthly foraminiferal 
fluxes for the 18 most common species. The calibrated model is then forced with a global data set of 
hydrographic and productivity data to predict monthly foraminiferal fluxes worldwide. The pre-
dictive skills of the model are assessed by comparing the model output with planktic foraminiferal 
assemblages from globally distributed surface sediments as well as with measured foraminiferal 
fluxes of sediment traps not included in the calibration data set. 
Many general distribution patterns of foraminiferal species recognized from the model output 
compare favorably with observations from coretops or sediment traps, even though the model still 
produces problematic results in some places. Among others, meridional gradients in species 
richness and diversity, increased relative abundances of Neogloboquadrina pachyderma (dex.) in 
upwelling areas, and peak abundances of Globigerinella siphonifera in oligotrophic subtropical gyres 
show good agreement between model and coretops. Absolute foraminiferal fluxes are significantly 
underestimated in most cases, while seasonal variations can be reproduced for some species. 
Interannual differences in foraminiferal fluxes are not reflected by the model which might partly be 
due to a lack of actual environmental data for the calibration and model experiments. 
The limited predictive skills of the model suggest that additional parameters should be 
considered. Export production should probably be replaced by depth-dependent primary 
production data reflecting the true food availability for planktic foraminifera. Results might also be 
improved by adding a dynamic component to the model and linking it to an ecosystem model. 
Keywords: planktic foraminiferal flux model; sea-surface temperature; mixed-layer depth; export 
production; sediment traps; coretops 
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4.1 Introduction 
The shell chemistry as well as the assemblage composition of planktic foraminifera are 
among the most important proxies used in paleoceanography (e. g. Wefer et al., 1999). 
However, there is often a significant seasonal bias in foraminiferal species fluxes to the 
seafloor, which is crucial for paleoceanographic interpretations of the proxy data (e. g. 
Deuser and Ross, 1989; Wefer, 1989; Mulitza et al., 1998; Ganssen and Kroon, 2000; King 
and Howard, 2001; Pflaumann et al., 2003; Waelbroeck et al., 2005). For example, Niebler 
et al. (2003) suggested, that discrepancies in temperature reconstructions applying forami-
nifera- versus alkenone-based proxies might be due to different ecological and thus 
seasonal preferences of the shell producers. 
Seasonal variations in foraminiferal fluxes are strongly influenced by the different 
species sensitivities to environmental parameters: Numerous studies on plankton-tow and 
sediment-trap material as well as on laboratory cultures and surface sediments have 
shown, that sea-surface temperature (SST), the thermal structure of the water column and 
food supply among others can have a considerable effect on fluxes and relative 
abundances of foraminiferal species (e. g. Bijma et al., 1990b; Ortiz et al., 1995; Watkins 
et al., 1996; Watkins and Mix, 1998; Eguchi et al., 1999; Schiebel et al., 2001; King and 
Howard, 2003a; Morey et al., 2005; Žarić et al., 2005, and references in Table 4.1). 
Sediment traps are a useful tool in these investigations, as they can resolve seasonal and 
interannual differences in particle flux (e. g. Deuser, 1986; Fischer and Wefer, 1996; Kincaid 
et al., 2000). Because of the relatively large size and weight of planktic foraminifera, their 
shells usually reach the traps within days and mostly without significant lateral 
displacement (e. g. Takahashi and Bé, 1984). Hence, trap data can be directly related to 
modern surface hydrography (e. g. Tedesco and Thunell, 2003; Marchant et al., 2004; 
Mohiuddin et al., 2004; Žarić et al., 2005). 
To minimize errors in the application of foraminifera-based proxies it is of great 
importance to thoroughly understand the seasonal and spatial distribution of foramini-
feral fluxes reflected in sedimentary assemblages and to be able to quantify it on a global 
scale. 
Here, we present, to our knowledge, the first attempt to globally predict foraminiferal 
fluxes at species level (18 most common species) depending on the environmental 
parameters sea-surface temperature, mixed-layer depth (MLD) and export production in 
1000 m water depth (PEX). The empirical model is calibrated by a compilation of planktic 
foraminiferal flux and PEX data from globally distributed sediment traps in combination 
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with environmental data of SST and MLD from online databases. We force the calibrated 
model with a global data set of hydrographic and productivity data to calculate monthly 
foraminiferal fluxes on a global scale. We then compare modeled annual relative species 
abundances with coretop-derived foraminiferal assemblage data. Finally, we test the 
model by comparing predicted and measured foraminiferal fluxes at trap positions not 
included in the calibration. 
Our study shows that the empirical model is able to reproduce many general 
distribution patterns of planktic foraminiferal assemblages observed in the world´s oceans 
like diversity patterns or relative abundance distributions of some species, even though it 
cannot reliably predict absolute monthly foraminiferal fluxes yet. 
4.2 Material and methods 
4.2.1 Calibration data set 
To calibrate our model we used a global data set compiled by Žarić et al. (2005). This 
database contains planktic foraminiferal fluxes calculated from various sediment-trap 
investigations, actual SSTs taken from the IGOSS database (Reynolds and Smith, 1994) 
(http://iridl.ldeo.columbia.edu/SOURCES/.IGOSS/.nmc/) as well as export production 
data, which have been derived from organic carbon fluxes measured with the same traps. 
To account for remineralization during descent, the organic carbon fluxes have been 
normalized to an average trap depth of 1000 m by applying the power function proposed 
by Martin et al. (1987) with correction after Francois et al. (2002; Eq. 14 therein). Even 
though this can only be a first approximation (Žarić et al., 2005), we decided to still use 
export production, because it was the only productivity-related parameter being available 
in the temporal resolution of sediment trap samples.  
We extended the database of Žarić et al. (2005) by adding several North Atlantic traps 
(Jensen, 1998; Peinert et al., 2000; Schröder-Ritzrau et al., 2000; Antia et al., 2001; Schiebel, 
2002) complementing SST and PEX data for every sample as described by Žarić et al. 
(2005). Furthermore we added information on the depths of the mixed layer. These were 
calculated from monthly temperature and salinity data obtained from the World Ocean 
Atlas 2001 (WOA 2001; Conkright et al., 2002) (http://www.nodc.noaa.gov/OC5/ 
WOA01/) based on a constant density difference criterion of 0.125 sigma units between 
ocean surface and base of the mixed layer. Data from the 1x1° grid-points closest to each 
sediment trap position were transformed to weekly values, and mean mixed-layer depths 
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 were calculated for every sampling in-
terval. Due to life cycles and sinking 
speed of foraminifera we applied a 
time-lag of 2-3 weeks to surface hy-
drography as described by Žarić et al. 
(2005). Furthermore, where only fluxes 
of all occurring species were given, we 
set fluxes of the remaining species to 
zero ("void observations"). If no infor-
mation was available on the organic 
carbon flux or if the total foraminiferal 
flux was zero, the sample was exclu-
ded from further investigation. Alto-
gether the calibration data set consists 
of 1327 samples. Table 4.1 summarizes 
locations, details and references of the 
sediment trap studies included in our 
model calibration.  
4.2.2 Statistical analysis and model 
development 
Foraminiferal flux data of the fol-
lowing 18 species were examined in 
our study: Globigerina bulloides, Globi-
gerinella calida, G. siphonifera, Globigeri-
nita glutinata, Globigerinoides ruber 
(white and pink varieties), G. sacculifer, 
Globorotalia inflata, G. menardii, G. sci-
tula, G. truncatulinoides, Globoturborota-
lita rubescens, Neogloboquadrina duter-
trei, N. pachyderma (sinistral and dex-
tral coiling varieties), Orbulina uni-
versa, Pulleniatina obliquiloculata and 
Turborotalita quinqueloba. Each of these 
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species was present in at least 15 % of the samples. Other species account for only 5.6 % of 
the foraminiferal assemblage on an average. 
The empirical model is based on a multiple linear regression approach. As there is no 
linear relationship between most foraminiferal fluxes and environmental parameters, we 
applied the ACE algorithm prior to regression to estimate optimal transformations for 
multiple regression and correlation (Breiman and Friedman, 1985). The algorithm 
transforms each variable such, that multiple linear regression of the transformed variables 
(denoted by an asterisk) yields the highest coefficients of determination (r²). For the 
statistical analysis being the basis of the model calibration we treated SST, MLD and PEX 
as predictor variables and the flux of the respective foraminiferal species (FLX) as the 
dependent variable: 
FLXi* = a1i SST* + a2i MLD* + a3i PEX* + ci  (1). 
Here SST*, MLD* and PEX* are transformed values of sea-surface temperature, mixed-layer 
depth, and export production in 1000 m water depth, respectively. FLXi* is the transformed 
flux of species i (i = 1 … 18), a1i to a3i are species-dependent regression coefficients and ci a 
regression constant. It should be mentioned, that since the environmental parameters can 
be partially intercorrelated, multicolinearity may have an effect on the statistical analysis. 
Look-up tables were derived from the ACE output to be used for variable 
transformations within the model (SST → SST*, MLD → MLD*, PEX → PEX*) and 
regression parameters were estimated (see Fig. 4.1a). The calculated transformed species 
flux from Eq. 1 is back-transformed (FLX* → FLX) to obtain a flux in units of [mg Corg m-2 
d-1]. The inverse transformation necessitates that the transformation of species fluxes with 
the ACE algorithm is forced to behave strongly monotonic, so that each transformed flux 
corresponds to a single untransformed value. Planktic foraminiferal species were analyzed 
separately on the dependence of their fluxes on the mentioned environmental parameters. 
For every analysis only those samples from the compilation were included, where all 
variables were available. Hence, the number of samples varied for every single species 
under consideration. 
In total, the foraminiferal flux model comprises 54 look-up tables that allow for a 
transformation of the three environmental input parameters SST, MLD and PEX for each 
of the 18 species considered. Furthermore, it contains 18 look-up tables that permit back-
transformation into single foraminiferal species fluxes. By forcing the model with a data 
set of the environmental input parameters, planktic foraminiferal species fluxes are 
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calculated separately and these are additionally converted to percentages of the modeled 
foraminiferal assemblage. G. ruber (pink) is only calculated for the Atlantic Ocean, since it 
became extinct in the Indo-Pacific at 120,000 yr BP (Thompson et al., 1979). According to 
the distributional SST ranges of the individual species, cutoffs were defined to assure that 
species are not calculated out of their present-day SST range. 
4.2.3 Global model run 
For a global model run the foraminiferal flux model was forced with a global monthly 
data set of SST, MLD and PEX (1x1° grid). SST data were obtained from the World Ocean 
Atlas 2001 (Conkright et al., 2002), the MLD was calculated as described above. PEX was 
calculated from satellite-derived primary production data obtained from the Goddard 
Earth Sciences Data and Information Services Center Distributed Active Archive Center. 
We used Moderate Resolution Imaging Spectroradiometer (MODIS) data available as 
8-day composites (http://daac.gsfc.nasa.gov/MODIS/Terra/ocean/MOAPW1.shtml) and 
calculated monthly means for the time interval December 2002 to November 2003. To 
estimate export production in 1000 m water depth (PEX) the following equation was 
applied (Antia et al., 2001): 
FCorg = 0.1 PP1.77 z-0.68  (2) 
where FCorg is the organic carbon flux (g C m-2 yr-1) at depth z (m) and PP is primary 
production (g C m-2 yr-1). Using Eq. 2 should be considered as a first approximation, since 
the equation is based on annually averaged fluxes, but export ratios vary on shorter 
timescales due to seasonally changing productivity patterns (Antia, pers. comm.).  
Calculated monthly fluxes for the 18 foraminiferal species considered (see Fig. 4.1b) 
were annually averaged and also converted into relative abundances to allow for a 
comparison of the model results with coretop foraminiferal fauna data. This implies that 
months with missing flux calculations due to missing PEX data do not yield any 
foraminiferal fluxes. Species fluxes were summed to assess total foraminiferal fluxes (note 
that "total" here means only the sum of the species included in the model). For the global 
model output we determined species richness as the number of species present. In 
addition, species diversity (H), which takes into account the relative abundance pi of each 
species, was also determined after Shannon and Weaver (1949): 
H = - Σ pi ln(pi)   (3). 
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H increases with increasing species richness and with more evenly distributed relative 
abundances of the species. For a better comparison between the ocean basins, we 
combined the pink and white varieties of G. ruber when calculating species richness and 
diversity, since G. ruber (pink) occurs only in the Atlantic Ocean. 
Maps illustrating our results were generated using the software Ocean Data View 
(Schlitzer, 2002a). 
4.2.4 Comparison to coretop data 
To compare our model results with an independent data set we used the Brown 
University Foraminiferal Database (Prell et al., 1999) (ftp://ftp.ngdc.noaa.gov/paleo/ 
paleocean/brown_foram/). This data set contains foraminifera counts of 1265 globally 
distributed coretop samples. We calculated relative abundances of the species, species 
richness and the Shannon diversity index by considering only the 18 species included in 
our model. 
4.2.5 Comparison to sediment trap data not included in the calibration 
Several sediment trap data have not been included in the calibration data set because 
they were lacking the organic carbon flux data and hence were incomplete. These data (for 
details and references see Table 4.2) were used to compare measured with modeled 
Fig. 4.1: Schematic summary of a) the model calibration 
and b) the global model experiment. SST = sea-surface 
temperature, MLD = mixed-layer depth, PEX = export 
production in 1000 m water depth, FLX = flux of a 
foraminiferal species. For further explanation, see text. 
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 foraminiferal fluxes. To account at least 
in part for interannual differences in 
environmental parameters, the model 
was forced with monthly SST data cov-
ering the time of sediment-trap deploy-
ment that were obtained from the IGOSS 
database (Reynolds and Smith, 1994) 
instead of using long-term monthly 
means from the World Ocean Atlas 2001 
(Conkright et al., 2002).  
4.3 Results 
4.3.1 Statistical Analysis 
Table 4.3 shows the results of the 
multiple linear regressions of the trans-
formed variables conducted for every 
species. Adjusted r² values lie between 
0.29 for G. rubescens and 0.75 for 
N. pachyderma (dex.), indicating that 
variations in SST, MLD and PEX explain 
between ~ 30 to 75 % of the recorded 
foraminiferal fluxes. The standardized 
regression coefficients reflect the signifi-
cant influence of SST on most of the spe-
cies, especially on G. siphonifera, G. ruber 
(white), G. sacculifer, N. pachyderma (dex. 
and sin.) and T. quinqueloba. Export pro-
duction seems to play an important role 
primarily for G. bulloides, G. glutinata, G. 
menardii and N. dutertrei, while regres-
sion coefficients for the MLD are highest 
for G. ruber (pink), G. inflata and G. trun-
catulinoides. 
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4.3.2 Annual species abundances – global model experiment vs. coretops 
The modeled annual total foraminiferal flux is shown in Fig. 4.2. Low fluxes were 
calculated across the tropics and in polar regions. A wide band of high foraminiferal fluxes 
can be seen in the northern hemisphere (> 30°N), a comparably narrow band of highest 
fluxes in the Southern Ocean (predominantly between 30-45°S). Increased planktic 
foraminiferal fluxes were also predicted within the major Eastern Boundary Currents. 
Fig. 4.3 illustrates species richness calculated from the global model output as 
compared to the richness monitored in surface sediments. The general trend of highest 
species richness at mid-latitudes and decreasing values towards higher latitudes predicted 
by the model is also reflected in foraminiferal assemblages of coretops. In addition the 
model reproduces higher species richness in low latitudes of the eastern Atlantic 
compared to the western part as observed in surface sediments. Furthermore, the 
distribution pattern of species diversities H calculated for the model output after Shannon 
and Weaver (1949) resembles coretop diversity patterns (Fig. 4.4). In general, species 
Table 4.3 
Adjusted coefficients of determination (r²) and standardized regression 
coefficients of the multiple linear regressions between the transformed 
variables SST*, MLD*, PEX* and FLX* for the 18 species included in the 
model 
SST* MLD* PEX*
Species Adj. r² β 1 β 2 β 3
G. bulloides 0.500 0.419 0.175 0.452
G. calida 0.400 0.494 0.243 0.196
G. siphonifera 0.538 0.723 0.162 0.091
G. glutinata 0.352 0.316 0.208 0.397
G. ruber  (pink) 0.537 0.547 0.372 0.226
G. ruber  (white) 0.696 0.836 0.117 0.188
G. sacculifer 0.541 0.676 0.154 0.195
G. inflata 0.443 0.534 0.307 0.239
G. menardii 0.419 0.563 0.210 0.309
G. scitula 0.425 0.522 0.269 0.189
G. truncatulinoides 0.337 0.338 0.394 0.083
G. rubescens 0.290 0.463 0.289 0.077
N. dutertrei 0.445 0.457 0.191 0.399
N. pachyderma  (dex.) 0.750 0.772 0.144 0.253
N. pachyderma (sin.) 0.728 0.946 0.233 0.071
O. universa 0.326 0.439 0.197 0.174
P. obliquiloculata 0.298 0.519 0.252 0.200
T. quinqueloba 0.685 0.808 0.193 0.099
Highest β -values for every species are shaded
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Fig. 4.2: Modeled annual total foraminiferal flux [103 ind. m-2] of the 18 species included in the 
model, circles mark positions of sediment traps comprised in the calibration data set (see Table 4.1). 
Fig. 4.3: Species richness [# of species] calculated from a) the model and b) coretop foraminiferal 
assemblages (Prell et al., 1999) considering only species included in the model. White and pink 
G. ruber are combined.  Note different scaling of color bars. 
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diversities are distinctly lower in high latitudes and show maximum values in rather 
narrow bands at mid-latitudes in surface sediments and model results. A shift of high 
diversities to lower latitudes detected in eastern Atlantic coretop samples is predicted by 
the model as well. 
The comparison of modeled annual relative abundances of individual species with their 
abundances in surface sediments revealed that the global abundance patterns of some 
species match favorably well with their seafloor record while others are not properly 
reproduced. For example, Figs. 4.5-4.8 show modeled and coretop relative abundances of 
the four species N. pachyderma (sin.), N. pachyderma (dex.), G. bulloides and G. siphonifera, 
respectively, which were among the species better predicted in the model. Coretop as well 
Fig. 4.4: Species diversity H after Shannon and Weaver (1949) calculated from a) the model and 
b) coretop foraminiferal assemblages (Prell et al., 1999) considering only species included in the 
model. White and pink G. ruber are combined.  Higher values correspond to higher species 
diversity. 
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as modeled assemblages yield highest abundances of the cold-water species N. pachyderma 
(sin.) in polar waters. Modeled N. pachyderma (dex.) shows increased contribution to the 
foraminiferal assemblage around 40°N/S, following the Gulf Stream into the northeastern 
N-Atlantic and being present in significant amounts in the major upwelling areas along 
the Eastern Boundary Currents, just as recorded by surface sediments. Peak abundances of 
G. bulloides are modeled at mid-latitudes which is mirrored by coretops as well. However, 
relative abundances are being significantly overestimated in the N-Atlantic and under-
estimated in highly productive upwelling areas like the western Arabian Sea or off NW-
Africa. In turn, calculations for G. siphonifera show maximum abundances in low latitudes 
of the oligotrophic subtropical gyres especially in the W-Pacific, while Eastern Boundary 
Fig. 4.5: a) Modeled annual abundance of N. pachyderma (sin.) [%], b) coretop abundance of 
N. pachyderma (sin.) [%] (Prell et al., 1999). Only species included in the model were considered. 
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regions and the eastern equatorial Pacific yield reduced abundances of this species, thus 
being in good agreement with the seafloor record. In contrast, Figs. 4.9 and 4.10 illustrate 
two species (N. dutertrei and O. universa) whose modeled global distribution patterns are 
not consistent with those of surface sediments. Even though the contribution of N. dutertrei 
to the planktic foraminiferal assemblage is limited to predominantly low latitudes in both 
model and coretops, modeled peak abundances are found along continental margins, 
which is not supported by surface sediment data. In turn, maximum coretop abundances 
in the eastern equatorial Pacific are not reproduced by the model. O. universa shows 
highest modeled abundances in major upwelling areas, which is in contrast to coretop 
data. 
 
Fig. 4.6: As in Fig. 5 but for N. pachyderma (dex.). 
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4.3.3 Seasonal variations of foraminiferal flux – model vs. sediment traps  
To test the predictive skills of the model on a seasonal basis, modeled and measured 
foraminiferal fluxes were compared for sediment traps not included in the calibration data 
set. Figs. 4.11 and 4.12 demonstrate exemplarily results on some species for two sediment 
traps from the Cariaco Basin and the Somalia upwelling, respectively (Conan and 
Brummer, 2000; Tedesco and Thunell, 2003; see Table 4.3). One of the principal results 
visible in the figures is that absolute foraminiferal fluxes are not properly reproduced by 
the model. In most cases modeled species fluxes are significantly underestimated 
compared to trap-derived fluxes. Regarding the seasonal pattern of species fluxes we 
observe some species where predicted fluxes match fairly well with their trap record (e. g. 
O. universa and G. ruber (white) in Fig. 4.11, T. quinqueloba and G. glutinata in Fig. 4.12), 
Fig. 4.7: As in Fig. 5 but for G. bulloides. Note different scaling of color bars. 
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while other species at the same stations seem to be out of phase (e. g. G. menardii in 
Fig. 4.11 and G. sacculifer in Fig. 4.12). Interannual variability in the exact timing or 
magnitude of peak fluxes is not reproduced by the model, which can clearly be seen in 
T. quinqueloba and O. universa fluxes in the Cariaco Basin (Fig. 4.11). It should be noted, 
however, that such variability is not properly taken into account in the model due to the 
forcing, which is partly based on climatological data (MLD) or a single year (PEX; see 
discussion). 
Fig. 4.8: As in Fig. 5 but for G. siphonifera. 
4 Prediction of planktic foraminiferal fluxes 
 113
4.4 Discussion 
4.4.1 Model output vs. observations from coretops and sediment traps 
The empirical model presented here is, to our knowledge, the first attempt to predict 
planktic foraminiferal fluxes on a global scale. Many principal distribution patterns of 
foraminiferal species recognized from the model experiments do match observations in 
coretops or sediment traps, even though the model still produces problematic outputs in 
many places. 
4.4.1.1 Total foraminiferal flux, species richness and diversity 
Annually averaged total foraminiferal fluxes calculated by the model are highest in 
temperate and subpolar waters and low in polar waters and the tropics with minima in the 
Fig. 4.9: As in Fig. 5 but for N. dutertrei. Note different scaling of color bars. 
4 Prediction of planktic foraminiferal fluxes 
 114
centers of the oligotrophic subtropical gyres reflecting planktic foraminiferal needs for 
sufficient food supply (Fig. 4.2). Higher total foraminiferal fluxes were also modeled in 
lower latitudes associated with Eastern Boundary Currents characterized by strong coastal 
upwelling and hence higher producitivty. An increase in fluxes, though rather small, was 
also calculated for the seasonal upwelling region in the western Arabian Sea and in the 
equatorial upwelling regions of the Atlantic and Pacific Oceans. 
Modeled meridional gradients in species richness and diversity compare favorably with 
coretop data (Figs. 4.3 and 4.4) and are consistent with the general trend of an overall 
decrease in faunal diversity with increasing latitude (e. g. MacArthur, 1965; Stehli et al., 
1969). Analyzing planktic foraminiferal diversity from surface water samples Ottens and 
Nederbragt (1992) showed that deviations from this global trend are related to specific 
Fig. 4.10: As in Fig. 5 but for O. universa. 
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Fig. 4.11: Comparison of modeled and measured foraminiferal fluxes in [ind. m-2 d-1]. Solid lines/ 
y-axes and filled circles show fluxes measured in the sediment trap in the Cariaco Basin (Tedesco 
and Thunell, 2003). Dashed lines/y-axes and open squares show fluxes calculated by the model. 
Trap data are plotted 2 weeks prior to their catchment intervals to account for the time-lag applied 
in the calibration. a) Total foraminiferal flux considering only species included in the model, 
b) T. quinqueloba, c) O. universa, d) G. ruber (white), e) G. menardii; Julian Day 1 = 1. Jan 1997. 
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Fig. 4.12: Comparison of modeled and measured foraminiferal fluxes in [ind. m-2 d-1]. Solid lines/ 
y-axes and filled circles show fluxes measured in the sediment trap MST8-B in the Somalia 
Upwelling (Conan and Brummer, 2000). Dashed lines/y-axes and open squares show fluxes 
calculated by the model. Trap data are plotted 2 weeks prior to their catchment intervals to account 
for the time-lag applied in the calibration. a) Total foraminiferal flux considering only species 
included in the model, b) T. quinqueloba, c) O. universa, d) G. sacculifer, e) G. glutinata, Julian Day 1 = 
1. Jan 1992. 
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ocean environments as suggested earlier by Stehli (1965). They demonstrated that water 
mass boundaries or frontal zones are characterized by high diversity of planktic 
foraminiferal faunas due to mixing of species from adjacent water masses. On the other 
hand, they found that variable environments with distinct seasonal or short-term 
variations in oceanic parameters like in upwelling areas host relatively low diversity 
faunas as compared to the surrounding environment, which is in good agreement with 
our model results. Lower absolute values in coretop species richness particularly in the 
Pacific Ocean might in part be due to selective dissolution of the surface sediments 
(Berger, 1968; Thunell and Honjo, 1981; Boltovskoy, 1994; Le and Thunell, 1996; Dittert and 
Henrich, 2000), as they are exposed to the surrounding seawater much longer than the trap 
material, which was used in the model calibration. 
4.4.1.2 Relative species abundances 
Analyzing annual relative abundances of foraminiferal species has shown that 
particular patterns in the distribution of some species on the seafloor can also be 
reproduced by the model. Among these is for example the restriction of significant relative 
abundances of the cold-water species N. pachyderma (sin.) to higher latitudes reaching a 
monospecific state in polar waters (Fig. 4.5). For N. pachyderma (dex.), preferring subpolar 
to transitional water masses, the modeled relative abundance pattern does not only match 
the latitudinal distribution but also more complex structures like increased abundances in 
the major upwelling areas along Eastern Boundary Currents, which are clearly visible in 
coretops off SW- and NW-Africa (Fig. 4.6). Even the higher abundances spreading 
westward along the eastern equatorial Pacific could be reproduced by the model. As 
observed from surface sediments, this region and major coastal upwelling areas yield 
reduced relative abundances of the warm-water species G. siphonifera, which shows high 
abundances in the oligotrophic subtropical gyres (highest in the W-Pacific). This 
distribution pattern also compares favorably well with our model results (Fig. 4.8) as does 
the latitudinal distribution of G. bulloides abundances (Fig. 4.7). In contrast, increased 
relative abundances of G. bulloides in some major upwelling areas (e. g. the western 
Arabian Sea off Somalia) are not mirrored in the model in spite of a high standardized 
regression coefficient for PEX* for this species (Table 4.3). A possible reason might be the 
bad coverage of very high export productivities in the calibration data set. Only 21 of the 
1327 samples yield PEX values above 40 mg Corg m-2 d-1 in 1000 m water depth, which is 
apparently insufficient to reliably predict foraminiferal fluxes in highly productive 
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upwelling regions. Other examples, in which modeled species distributions significantly 
deviate from their seafloor record are abundance patterns of N. dutertrei and O. universa 
(Figs. 4.9 and 4.10). Even though both model and coretops show minimal abundances of 
N. dutertrei in higher latitudes, higher abundances from the model do not match 
observations from coretops and vice versa. The apparent mismatch in the eastern 
equatorial Pacific might in part be due to a lack of calibration samples from that very 
special ocean environment.  
However, when comparing modeled relative abundances of foraminiferal species with 
coretop distributions it has to be beared in mind, that the model calculates absolute species 
fluxes from the environmental input parameters. Hence, the quality of the estimate of 
relative abundances depends on the performance of all species in the model, so that fluxes 
of a poorly represented species worsen the results of better reproduced species as well. 
Surface sediments, on the other hand, can reflect foraminiferal assemblage variations 
averaged over several decades or several hundred years (depending on sedimentation 
rates). Such long-term variations are not represented in the model due to the forcing being 
used. In addition, sedimentary assemblages may be altered by selective dissolution, by 
displacement through bottom currents or by bioturbation processes (Boltovskoy, 1994). 
Furthermore, coretops reveal only relative abundances of foraminiferal species and do not 
allow conclusions on absolute species fluxes. 
4.4.1.3 Absolute species fluxes 
Unfortunately, on a global scale there are no area-wide investigations of absolute 
foraminiferal fluxes that we could compare our results with. Bé and co-workers analyzed 
the geographic distribution of various species in the Atlantic and Indian Oceans using 
plankton tows, and presented absolute and relative abundances of the planktic 
foraminiferal standing stocks (Bé and Hamlin, 1967; Bé and Tolderlund, 1971; Bé and 
Hutson, 1977). But several reasons argue against a comparison of our model results to 
their distributional maps. First of all, they used plankton nets with a mesh size of 200 µm 
in contrast to the 125 and 150 µm sieve size used in the sediment trap studies. Moreover, 
plankton tow samples represent only snapshots of the foraminiferal assemblages 
(Boltovskoy et al., 1996) and finally, values of foraminiferal standing stocks cannot be 
directly translated into downward fluxes of planktic foraminiferal species. 
The only alternative to independently test the predictive skills of the model regarding 
absolute fluxes of planktic foraminifera were several sediment trap studies that were not 
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included in the calibration data set (Table 4.2, Figs. 4.11 and 4.12). One of the principal 
model results in this context is the significant underestimation of absolute foraminiferal 
abundances in most cases. This might in part be due to the fact that actual foraminiferal 
fluxes and relative abundances at certain environmental conditions can be highly variant, 
as was shown for surface sediment as well as sediment trap databases (Hilbrecht, 1996; 
Žarić et al., 2005). This variability is not accounted for by the model, which calculates only 
a single "average" flux for a given set of environmental parameters. These average values 
are usually comparably small especially because the data set contains a high number of 
"void observations" (see methods section 4.2.1). Despite the fact that absolute foraminiferal 
fluxes are not adequately predicted by the model in most cases, the seasonal signal of 
species fluxes compares fairly well to sediment trap records for some species. For example, 
high fluxes of T. quinqueloba, O. universa and G. ruber (white) in the Cariaco Basin 
(Fig. 4.11) and of G. glutinata in the Arabian Sea (Fig. 4.12) occur at similar times in the 
model as they were in fact recorded by the sediment traps. At the same time other species 
like G. menardii in the Cariaco Basin and G. sacculifer in the Somalia upwelling are 
sometimes out of phase in the model. Further species have barely any seasonality in fluxes 
even though the sediment trap record shows high peak fluxes at certain times (e. g. 
G. bulloides in the Cariaco Basin, not shown). Considering all species on a global scale, we 
could not detect any global systematic error in the predicted fluxes neither regarding their 
magnitude nor their seasonality for any species. 
4.4.2 Pitfalls and potential of the model 
Some of the discrepancies between modeled and observed foraminiferal flux patterns 
may be due to an insufficient calibration of the model. For an optimal calibration it would 
be necessary to have actual hydrographical as well as productivity data on timescales at 
which the sediment traps operate (in the order of weeks). Such data were only available 
for SST (Reynolds and Smith, 1994). The MLD had to be calculated from climatological 
temperature and salinity data (Conkright et al., 2002). Thus, information on interannual 
differences of the mixed layer is lost, and potential subsequent variations of foraminiferal 
fluxes are inadequately reflected in the hydrographic parameters of the calibration data 
set. The same is true when comparing the modeled seasonal signal of foraminiferal 
assemblages with measured foraminiferal fluxes of sediment traps not included in the 
calibration. The model was forced with long-term mean values of MLD, and PEX values of 
an exemplary year, which may deviate significantly from the actual situation that the 
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foraminifera were living in prior to settling into the trap. Again, information on the 
variability of the environmental input parameters cannot be taken into account, and the 
model is not able to reproduce interannual changes in foraminiferal fluxes (Fig. 4.11), 
which can be significant (e. g. Sautter and Thunell, 1989; Tedesco and Thunell, 2003; 
Marchant et al., 2004). 
Export production estimates introduce the largest uncertainty into the model, because 
export ratios should vary over the course of the year due to seasonally changing 
productivity patterns, but so far there are no algorithms on organic carbon transfer 
efficiencies based on shorter than annual timescales. Moreover, we had to use a different 
approach for the calculation of PEX in the global data set than for the PEX calculation 
applied in the calibration (see methods sections 4.2.1 and 4.2.3). Whereas we could 
normalize trap-measured organic carbon fluxes to 1000 m in the calibration (Martin et al., 
1987; Francois et al., 2002), we had to calculate export production from satellite-derived 
primary production data of an exemplary year after Antia et al. (2001) in order to obtain 
monthly PEX values for our global data set. The comparability of both approaches remains 
an open question. Comparing PEX values from both our calibration as well as our global 
data set at the positions of the sediment traps shows, that both PEX values are comparable 
at some positions/times but that in many cases satellite-derived values can be significantly 
higher than trap-derived values for other positions/times (Fig. 4.13). This means that the 
model often calculates foraminiferal fluxes at higher export productions than those 
recorded in the calibration data set for the same position. 
As the quantification of downward organic carbon fluxes as well as their relationship to 
primary production in surface waters are still subject to intensive discussions (e. g. 
Buesseler, 1998; Laws et al., 2000; Antia et al., 2001; Armstrong et al., 2002; Francois et al., 
2002; Lutz et al., 2002; Schlitzer, 2002b), the export production in 1000 m water depth is 
probably not well suited as an environmental input parameter for a planktic foraminiferal 
flux model. We decided to still use export production, because it was the only 
productivity-related parameter being available in the temporal resolution of sediment trap 
samples. However, it would be generally useful to replace the PEX variable in the model 
by a primary production component of surface waters, which would account for the true 
food availability for planktic foraminifera. Low coefficients of determination (r² between 
0.29 and 0.75) calculated in the statistical model calibration already suggest that the three 
environmental parameters SST, MLD and PEX used here are not sufficient to describe the 
fluxes of all planktic foraminiferal species considered and that additional parameters 
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should be included in the model. Numerous studies revealed that productivity often being 
linked to the nutrient content is a significant factor influencing planktic foraminiferal 
fluxes and assemblage compositions (e. g. Bé and Hutson, 1977; Ortiz et al., 1995; Watkins 
et al., 1996; Eguchi et al., 1999; Schiebel et al., 2001; Morey et al., 2005). In this context it 
would also be reasonable not to correlate species fluxes exclusively to conditions at the sea 
surface but to consider different water depths as well to include the occurrence of deep 
chlorophyll maxima that some foraminifera like N. pachyderma or N. dutertrei are known to 
thrive in (e. g. Fairbanks and Wiebe, 1980; Fairbanks et al., 1982; Reynolds and Thunell, 
1986; Kohfeld et al., 1996). 
Fig. 4.13: Comparison of export production values in 1000 m water depth (PEX) calculated for the 
calibration and the global data set in [mg Corg m-2 d-1] for the stations a) in the Sargasso Sea (Julian 
Day 1 = 1. Jan 1978), b) at Ocean Station Papa (Julian Day 1 = 1. Jan 1982), and c) in the eastern 
Arabian Sea (EAST, Julian Day 1 = 1. Jan 1986). Solid lines and filled circles show PEX calculated 
from sediment-trap-derived Corg fluxes as applied in the model calibration (for references see 
Table 4.1). Dashed lines and open squares show PEX calculated from satellite-derived primary 
productivity as applied for the global model run after Antia et al. (2001). Trap data are plotted 
3 weeks prior to their catchment intervals to account for the time-lag applied in the calibration. 
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Other environmental conditions not included in our model so far, that have been 
supposed to have an impact on planktic foraminiferal fluxes and assemblage compositions 
are light intensity, circulation patterns or salinity (e. g. Bijma et al., 1990b; Ortiz et al., 1995; 
Watkins et al., 1996; Guptha et al., 1997). Based on studies of laboratory cultures (Bijma 
et al., 1990b) and coretop sediments (Morey et al., 2005) that suggest that salinity does not 
have a significant effect on foraminiferal species distributions in modern oceans, we 
decided to omit salinity in our model to avoid enhanced multicolinearity, since salinity is 
often highly correlated with SST. 
Several factors potentially contributing to noise or error in the calibration data set have 
been discussed by Žarić et al. (2005) and shall only briefly be mentioned here. Among 
these are a patchy distribution of foraminifera in the ocean (e. g. Bé and Hutson, 1977), 
foraminiferal life cycles (e. g. Bé, 1977; Bijma et al., 1990a, 1994), differences in sinking 
velocities of foraminiferal shells (e. g. Takahashi and Bé, 1984; Bijma et al., 1994), a lateral 
component in particle fluxes (e. g. Freudenthal et al., 2001; Wilke et al., subm.), the 
presence of distinct genotypes within certain morphospecies having distinct ecological 
preferences (e. g. summarized in Kucera and Darling, 2002), the trapping efficiency of 
sediment traps (Scholten et al., 2001; Yu et al., 2001) and the taxonomic consistency of the 
planktic foraminiferal studies used here. 
Nevertheless, even though the model presented here produces problematic outputs in 
some places, many general distribution patterns of planktic foraminifera can be recog-
nized. The potential of such a foraminiferal flux model to be used for paleoreconstructions 
by identifying seasonal flux signals for certain species shall be illustrated on the following 
example. Fig. 4.14 shows modeled monthly fluxes (January to June) for the species 
G. bulloides in the N-Atlantic. Peak fluxes are calculated for spring (March) with high 
fluxes occurring first in more southerly parts around 40°N in January/February and then 
migrating northward through March and April. Thus our model might confirm results 
from isotopic studies on NE-Atlantic surface sediments by Ganssen and Kroon (2000), who 
classified G. bulloides as a species typical of the spring bloom rather than reflecting summer 
temperatures. 
The model presented here is static in the sense that it runs independently for every 
species, grid-point and month. It carries out every calculation based exclusively on "actual" 
values of environmental parameters, not taking into account previous hydrographic 
situations or foraminiferal standing stocks. Adding a dynamic component to the model 
might thus improve it significantly. In that case the new state of the model would be 
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Fig. 4.14: Modeled monthly fluxes [ind. m-2 d-1] of the species G. bulloides in the N-Atlantic for the 
months January to June (a-f) 
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calculated memorizing the current state and adding a certain rate of change according to 
changes of the environmental parameters. An important step towards this direction would 
be coupling our model to current ecosystem models as described by Moore et al. (2001, 
2004), which could provide necessary state variables of the pelagic ecosystem. 
4.5 Summary and Conclusions 
1) The empirical model described here is, to our knowledge, the first attempt to globally 
predict planktic foraminiferal fluxes at species level depending on the environmental 
parameters sea-surface temperature, mixed-layer depth and export production. It was 
calibrated using a combination of sediment trap as well as hydrographic data and 
forced with a global data set of SST, MLD and PEX to calculate monthly foraminiferal 
fluxes. 
2) Annually averaged total foraminiferal fluxes calculated by the model peak in temperate 
and subpolar waters and are lowest in polar waters and the tropics reflecting planktic 
foraminiferal needs for sufficient food supply. Many principal distribution patterns of 
foraminiferal species predicted by the model compare favorably with observations 
from coretops, among others meridional gradients in species richness and diversity, 
increased relative abundances of N. pachyderma (dex.) in major upwelling areas, and 
peak abundances of G. siphonifera in oligotrophic subtropical gyres. In contrast, relative 
abundance patterns of some other species are not properly reproduced by the model. 
3) Comparisons between modeled and observed planktic foraminiferal fluxes revealed 
that absolute downward fluxes are significantly underestimated in most cases. 
Nevertheless, modeled seasonal flux variations match fairly well with the sediment trap 
record for some species. Interannual flux variations could not be properly reproduced, 
possibly because of a lack of actual environmental data for calibration and forcing 
purposes. Hence, our study stresses the importance of acquiring actual data on 
environmental parameters while conducting sediment trap experiments to ensure that 
the hydrographic situation is properly monitored. 
4) The limited predictive skills of the model suggest that additional environmental 
information should be considered such as depth-dependent primary production data 
reflecting the true food availability at different habitat depths of planktic foraminiferal 
species. Results might also be improved by adding a dynamic component to the model 
and linking it to an ecosystem model. 
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Chapter 5 
Discussion and conclusions 
5.1 Discussion 
In order to achieve the objectives of the presented study, a new global data set of 
sediment-trap-derived planktic foraminiferal fluxes was compiled (chapter 3), which will 
facilitate future comprehensive studies as well. Analyzing the temporal and spatial varia-
bility of foraminiferal fluxes to the seafloor on regional and global scales revealed that 
downward fluxes of these micro-organisms are always the result of a complex interaction 
of various environmental parameters. This is clearly visible e. g. from the large variance of 
species fluxes and relative abundances at certain environmental conditions shown in 
chapter 3, as well as from the results of the statistical analysis performed in chapter 4 
(Table 4.3). Both investigations demonstrate that fluxes of most planktic foraminiferal 
species show a significant response to surface water temperature. The new compilation of 
trap data confirms the distinct thermal optimum ranges of key species that have earlier 
been reported from other analytical means like plankton tows (see Table 3.5; e. g. Bé and 
Tolderlund, 1971; Bijma et al., 1990). Within these optimum ranges, food supply, light 
conditions, the thermal structure of the water column and circulation patterns gain more 
influence on foraminiferal fluxes and assemblage compositions, which thus corroborates 
our previous knowledge on planktic foraminiferal ecology (e. g. Hemleben et al., 1989; 
Ravelo et al., 1990; Ortiz et al., 1995; Watkins et al., 1996; Schiebel et al., 2001). However, 
where environmental variables covary, it can be difficult to ascribe variations in foramini-
feral fluxes to certain governing factors. For example, in the eastern equatorial Atlantic 
(chapter 2) intensified surface water divergence and upwelling coincides with enhanced 
surface cooling, high primary production and thus higher turbidity of surface waters. As 
temperatures are still within optimum ranges of tropical species, it is more likely that one 
of the other parameters or a combination of them is responsible for the concomitant 
decrease in downward fluxes of Globigerinoides ruber and G. sacculifer. 
The most important achievement of this study is the new empirical model presented in 
chapter 4, which is, to our knowledge, the first model designed to calculate planktic 
foraminiferal species fluxes on a global scale from hydrographic and productivity data. It 
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was calibrated based on the compiled global data set of foraminiferal fluxes and environ-
mental data of sea-surface temperature, mixed-layer depth and export production. Like in 
the previous study (chapter 3), the latter was used as an indication of food supply in 
default of actual depth-integrated primary-production data on the same timescales as the 
sediment-trap intervals. Even though modeled meridional diversity gradients and relative 
abundance patterns of some species compare favorably well to the coretop faunal record, 
the model still has its limitations. For example, the interannual variability of species fluxes 
and oceanographic parameters could not be taken into account due to a lack of actual 
environmental data for calibration and forcing purposes. 
Furthermore, when relating foraminiferal fluxes to surface hydrography, it should be 
noted, that this approach bears specific uncertainties. As mentioned above, environmental 
parameters can be partially intercorrelated. For example, decreasing surface water tempe-
ratures are often related to a deepening of the mixed layer e. g. due to enhanced winter 
mixing. Hence, multicolinearity may affect the statistical analysis upon which the model is 
based. Another point worth discussing is that this study relates species fluxes to sea-
surface temperatures regardless of the species-specific depth habitats, which is probably 
not the best choice for analyzing flux patterns of deeper-living species. As long as they 
remain at certain depth levels, there might still be a good relation to temperatures at the 
surface, because temperatures are highly correlated within the upper water column. 
However, some species like Neogloboquadrina dutertrei may actually follow certain 
isotherms and the depth of the chlorophyll maximum thus yielding a significant seasonal 
shift in depth habitat (e. g. Field, 2004). Taking this into consideration, it implies that the 
true preferred temperature range of such species would probably be much narrower than 
indicated from the presented approach. Other factors potentially contributing to noise or 
error in the data include, for example, differential settling velocities of foraminiferal shells 
(e. g. Takahashi and Bé, 1984; Bijma et al., 1994), lateral advection of particles (e. g. 
Freudenthal et al., 2001) or the impact of foraminiferal life cycles on carbonate sedimen-
tation (Bijma et al., 1994) (see also chapters 3.4.3 and 3.4.4.). 
5.2 Conclusions and future perspectives 
• The detailed regional sediment-trap study in the eastern equatorial Atlantic revealed a 
high spatial and temporal variability of planktic foraminiferal fluxes that clearly reflect 
the specific regional and seasonal differences in temperature, food supply and light 
conditions observed in the upper water column across the equatorial upwelling region. 
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• In addition, flux variations could be attributed to the different overlying current 
regimes with foraminifera concentrating at a strong convergent front during winter 
upwelling. Whereas tropical spinose species show a significant decrease within the 
upwelling region of the South Equatorial Current, they are not reduced within the 
warm North Equatorial Countercurrent north of the convergent front at that time. 
• The presented study contributes to the growing evidence that many foraminiferal 
species reproduce synchronized to lunar periodicity (Schiebel and Hemleben, 2005), 
sometimes resulting in a highly pulsed flux pattern that can be traced into the deep 
ocean due to rather high settling velocities of foraminiferal shells (Kawahata et al., 
2002). Thus it would be useful to take into account foraminiferal life cycles prior to trap 
deployment and to time sampling intervals of future sediment traps in dependence on 
the moon phases. 
• Analyzing the newly compiled database on planktic foraminiferal fluxes derived from 
globally distributed sediment traps revealed distinct temperature preferences for most 
investigated species. However, temperature seems to be a governing factor for species 
fluxes only at the edges of the thermal tolerance ranges. Especially within thermal 
optima, export production is one of the factors being related to changes in the forami-
niferal assemblages. Relative abundances of symbiotic species are distinctly reduced 
under conditions of higher productivity due to the light requirements of their photo-
synthetic symbionts, whereas asymbiotic species benefit from enhanced food availabi-
lity at the same time. 
• Optimum ranges derived from the new data set are in good agreement with previous 
observations on foraminiferal ecology from plankton tows, laboratory cultures and 
surface sediments (e. g. Bé and Tolderlund, 1971; Bijma et al., 1990; Ortiz et al., 1995; 
Hilbrecht, 1996; Schiebel et al., 2001). 
• Based on the above-mentioned data set, a statistical analysis including planktic 
foraminiferal fluxes and environmental parameters (sea-surface temperature, mixed-
layer depth and export production) again confirmed that temperature is the primary 
control of foraminiferal downward fluxes, but that the other factors also contribute to 
the specific flux patterns observed in the world´s oceans today. 
• The first comprehensive attempt to model planktic foraminiferal fluxes on a global scale 
depending on the upper ocean environment yielded promising results. 
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• Many principal distribution patterns of foraminiferal species predicted by the model 
compare favorably with observations from coretops, e. g. meridional diversity gradi-
ents or relative abundance patterns of certain species. However, more has to be done 
before the model will be able to reliably predict absolute foraminiferal fluxes or the 
seasonality of single species. 
Future improvement might be achieved by applying more sophisticated multivariate 
computational techniques to the compiled data set in the calibration process, which seems 
more appropriate regarding the complexity of the system. A promising tool may be the 
utilization of artificial neural networks that have successfully been used to reconstruct sea-
surface temperatures from planktic foraminiferal census data (Malmgren and Nordlund, 
1997; Malmgren et al., 2001).  
Moreover, the model might show a better performance if additional parameters were 
included, such as primary production or circulation patterns, and if different habitat 
depths of foraminiferal species were considered in terms of productivity and the thermal 
structure of the water column. As was seen along the sediment trap transect in the eastern 
equatorial Atlantic and elsewhere before (e. g. Fairbanks and Wiebe, 1980; Ortiz et al., 
1995; Watkins et al., 1996), food supply is an important factor governing fluxes of asymbio-
tic species, be that resulting from upwelling conditions or a deep chlorophyll maximum. 
In this regard, apart from the oceanographic situation itself, the degree of change in envi-
ronmental boundary conditions might as well be important for foraminiferal flux variabi-
lity, thus necessitating a dynamic component in the model. The coupling to an ecosystem 
model within a global ocean circulation model (Moore et al., 2004) seems to be reasonable, 
as this could provide necessary state variables of the pelagic ecosystem. 
Furthermore, an accurate quantification of associations between foraminiferal species 
and upper-ocean environmental parameters requires an improvement of the calibration 
database concerning hydrographic and productivity data, which cannot be achieved at the 
moment. In order to contribute to the refinement of proxy calibrations by conducting an 
advanced study on global short-term foraminiferal flux variability, it is necessary that 
detailed environmental data are available on the same timescales as the foraminiferal 
assemblage data instead of being derived from long-term climatologies. Therefore, this 
study stresses the need of acquiring actual data on hydrographic and productivity para-
meters while conducting sediment-trap experiments to ensure that the oceanographic 
situation is properly monitored during the complete sampling period. 
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In this context, if export production is still to be used within the model, then future 
work should include an enhanced effort to decipher organic carbon transfer efficiencies on 
shorter than annual (at least seasonal) timescales. The multitude of time-series sediment-
trap studies conducted to date should suffice for such investigation. Alternatively, if 
satellite-derived primary-production data are to be used, the relationship between sea-
surface chlorophyll a and depth-integrated primary production needs to be further 
discussed (Behrenfeld and Falkowski, 1997; Pérez et al., 2005) in order to enable the assess-
ment of the true food availability for the foraminiferal assemblage. 
Future studies may include the application of the same approach that was used for the 
development of the foraminiferal flux model to depth-stratified plankton-tow data, which 
have the advantage that in-situ data on oceanographic parameters are collected at the 
same time. Closer investigations of the correlation between standing stocks and down-
ward fluxes taking into account e. g. life cycles and mortality rates should accompany such 
studies. 
If we succeed in significantly improving the presented model, this would help to inter-
pret the seafloor record by deciphering the imprint of seasonality reflected in the sedi-
ments. If forced with boundary conditions of other timeslices, the model might as well 
derive ancient seasonalities and might thus be a powerful tool to improve proxy calibra-
tions. Furthermore, if combined with average shell weights of foraminiferal species, results 
of the model might be compared to published marine carbonate budgets (e. g. Schiebel, 
2002). A challenging future perspective is the eventual combination of the foraminiferal 
flux model, an ecosystem model (e. g. Moore et al., 2004; Schmittner et al., 2005) and a 
model that quantifies the depth-integrated shell growth of planktic foraminifera (Wilke, 
2005) to simulate the oxygen-isotope composition of foraminiferal assemblages in the sedi-
ment. 
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